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ABSTRACT
Quantitative structure-activity relationships 
(Q.S.A.R.'s) rationalize interrelation between 
molecular structure and biological response in terms 
of either physicochemical parameters, as in linear 
free energy relationships (L.F.E.R.'s), or via purely 
empirical parameters, as is the case for De Novo 
schemes.
In L.F.E.R.'s the leading process is often the 
partitioning of a compound between two solvent phases, 
taken to represent the transfer of a drug molecule 
across a biological membrane.
This study has investigated the partitioning 
behaviour of three series of hydroxybenzoate esters, 
viz. 0-, m- and predominantly p- esters, the latter 
being preservatives in pharmaceutical formulations. 
The thermodynamic parameters AH, AG and AS for the 
transfer process were derived in an attempt to 
establish a Q.S.A.R. on a fundamental thermodynamic 
basis. Such parameters have identifiable
physicochemical meaning and lend themselves more 
readily to interpretation. This facilitates
application to alternative systems.
A new Gibbs function factor analysis was developed 
and utilized to obtain thermodynamic contributions for 
parent and incremental methylene group portions of the
study molecules.
The empirical Collander equation for interrelation 
of various solute/solvent systems was also 
rationalized on a thermodynamic basis. Further
extension of the Gibbs function factor analysis 
allowed scaling of "solvent" systems including 
chromatographic packings, solvents and liposomes. The 
scheme indicated capacity for optimized selection of 
bulk solvent systems to mimic biological membranes.
A novel analytical procedure for direct 
measurement of biological response was developed. The 
bioassay appeared capable of discrimination i) between 
the closely related structural homologues, ii) between 
gram-negative and gram-positive bacteria, and further,
iii) between certain cell batches of the same 
bacteria type. Also, the bioassay demonstrated a 
Collander interrelation between the two bacteria 
types.
Flow microcalorimetry was the technique employed 
to measure thermal response of respiring E . col i and 
Staph, aur. bacteria. The modification of biological 
response with drug concentration was quantitated and a 
log dose^ax term was derived for each homologue. The 
results indicated potential for a predictive, additive 
structure-activity scheme based on assessment of 
biological response (B.R.) direct rather than through 
f (B .R via physicochemical or empirical parameters.
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1. INTRODUCTION
Interaction of a drug with a living organism 
depends upon the drug reaching its site of action in 
sufficient quantities to elicit a response. A number 
of factors may affect the capability and suitability 
of a drug to perform its function.
The journey of a drug from its site of 
administration to its receptor site, and its action at 
that site, may be influenced by one or more of its 
physical and chemical properties, such as size, shape, 
solubility, ease and speed of movement through 
membranes, etc.. Advances in drug design have
encompassed the development of a number of models as 
parallels to the biological mode of action of drugs - 
these models often involving the dominance of one 
particular influencing factor.
1. 1 Drug Design
Until about twenty years ago drug design was an 
intuitive endeavour based on long experience, keen 
observation, good luck and hard work. The
probabilities of finding a clinically useful drug were 
not good; it was estimated that anywhere between 
3000-5000 compounds were synthesized in order to 
produce one practical drug. The introduction of more 
stringent drug safety regulations in successive years 
further increased these proportions and likewise the 
costs .
33
The method routinely applied in drug development 
was, and indeed often still is, molecular modification 
- the design of analogues of a proven "active" lead 
compound. Knowledge of molecular phenomena at the 
cellular level has not yet reached a level of 
sophistication which permits confident design of a 
novel drug without a previous model, and hence "lead 
generation" usually arises from folk-medicine, 
screening of natural products, biochemical 
understanding of disease processes, or random 
screening. The scientific investigation of
folk-medicine and "old wives tales",
ethnopharmacology, has led to some bona fide drugs 
(e.g. quinine) but has not proved to be a good or 
efficient source of leads. However, natural products 
have always been an inexhaustible source of drug leads 
in addition to drugs proper, vitamins and hormones. 
An extension of natural product chemistry is the 
biochemical information derived from the study of 
metabolic pathways, enzyme mechanisms, and all 
physiological phenomena that reveal an exploitable 
difference between a host and parasite (including 
malignant cells), or between a normal and a 
pathological function in terms of these parameters. 
Random screening, whilst seemingly wasteful, still has 
its place in lead generation where theory lags and 
computerization helps save time and expense.
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"Lead optimization" involves much time, effort and 
money. Minor changes in molecular structure are taken
I
to give minor, quantitative alterations in biological 
effect. While this may be true for a closely related
series of compounds, it will depend on the definition
of "minor" changes.
Advances in computer technology have made a 
considerable impact upon drug design. Computers offer 
valuable assistance with theoretical calculations and 
molecular graphics, permitting the drug/receptor site 
fit to be "pictured" thus assisting selection of 
modification routes.
Papers on this topic in drug design include, for 
example, a brief review by Bowen-Jenkins^ which 
discusses the scope of computer graphics, hardware,
linking programmes, loops, and their applications.
M a r s h a l l ^  has discussed the application of 
computerized analysis to structure-activity data and 
has attempted to deduce minimal recognition 
requirements as a basis for understanding how a 
diverse set of chemical structures can activate the 
same receptor.
Leo^ has proposed a scheme for development of a 
computerized system to permit rationalization of the 
effects of structure on chemical and biological 
activity for general application to medicinal
chemistry, pesticide science, biochemistry and
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toxicology.
2. QUANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIPS.
Q.S.A.R.'s
Quantitative structure-activity relationships aim 
to assist drug development by providing a rational 
basis for the selection of a compound for synthesis 
and pharmacological testing.
They attempt to relate the biological activity of 
a group of compounds to their structural or 
physicochemical characteristics. The objective is to 
understand the factors governing the biological 
activity of a particular compound, or group of 
compounds, and thus be better able to design drugs.
Reviews on Q.S.A.R.*s include those by Saxena and 
Ram4, and Hathaway^.
2.1 Biological Response. B.R.
In order to assess the relative merits of toxic 
substances it is necessary to have defined a 
"biological response" parameter which may be measured 
for each substance and used for comparisons.
The information may be used to rationalize 
Q.S.A.R. models, assessing the degree of influence 
particular physicochemical characteristics have upon 
biological activity and hence predicting more 
successful analogues.
The most readily accessible biological response
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parameters derive from concentration terms; (refer 
logl/^ in Hansch correlation, section 2.5A for 
example). They are expressed in terms of the
particular concentration of each toxic substance 
required to elicit a specific response in a set time.
In general, biological response versus
concentration of drug forms a sigmoidal curve. For a 
given time span, there will be a threshold 
concentration below which no response effect will 
result from the addition of the toxic substance. 
Above a certain level death (for example bactericidal 
drugs) will occur.
Between the two extremes the biological response 
is related to the dose administered. Linearity may be 
imposed upon this portion of the curve and this 
section used to derive a variety of parameters.
Examples of parameters quoted in the literature 
include L.D.50 and E.D.5 0 , for studies involving 
responses of a group of test animals, and M.I.C. and 
phenol coefficients used in antimicrobial studies.
A) L .D .5Q corresponds to the minimum lethal dose
required to kill 50% of the test population in a given 
time. The usual method of determining the L . D . 5 0  is 
to administer a range of doses (on a body weight 
basis), each to a group of 30 animals. The percentage 
mortality in each group may be plotted against the 
dose. (A sigmoid curve is obtained). The dose
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corresponding to 50% mortality (the L.D.5 0 ) can be 
read from the graph.
B) E.D.50 is the effective dose of a drug in 50% of
the animals in a test group (or the median effective
dose). The expression is analogous to and is derived
in the same way as L.D.50 except that the response 
noted is not death, but some other quantal response. 
One problem associated with this type of response 
definition is that assessment is subjective.
For example, if a compound is anti-inflammatory 
and does indeed reduce inflammation, it is considered 
effective at that dosage level. However, this does 
not offer any information as to the overall 
performance characteristics of such a drug.
C) M.I.C. The linear portion of the response curve 
may be extrapolated to zero response effect to derive 
the threshold concentration of a drug, the minimum
inhibitory concentration (M.I.C.). M.I.C. is a
parameter often quoted in antimicrobial studies e.g.
6 .7 .
M.I.C. may be found quoted in mg ral“l rather than 
in molar terms. This can cause difficulty in relative 
assessment of compounds of undefined or different 
molecular weight.
D) The Phenol Coefficient. The phenol coefficient 
may be used to assess many groups of chemical 
antimicrobial agents such as phenols and phenolic
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c o m p o u n d s ,  a l c o h o l s ,  h a l o g e n s ,  h e a v y  m e t a l s ,  
d e t e r g e n t s ,  a l d e h y d e s  a n d  g a s e o u s  c h e m o s t e r i l i z e r s .
P h e n o l  C o e f f i c i e n t  =
g r e a t e s t  d i l u t i o n  o f  t e s t  
c o m p o u n d  t h a t  k i l l s  i n  1 0  
m i n u t e s  b u t  n o t  i n  5 m i n u t e s  
g r e a t e s t  d i l u t i o n  o f  p h e n o l  
t h a t  k i l l s  i n  1 0  m i n u t e s  b u t  
n o t  i n  5 m i n u t e s
(1)
T h e  s t a n d a r d  e v a l u a t i o n  o r g a n i s m s  a r e  
S t a p h y l o c o c c u s  a u r e u s  o r  S a l m o n e l l a  t y p h i .
2.2 T h e  S t u d y  C o m p o u n d s
I t  w a s  p r o p o s e d  t h a t  t h i s  s t u d y  w o u l d  i n c l u d e  a n  
i n v e s t i g a t i o n  o f  t h e  b i o l o g i c a l  a c t i v i t y  ( a n d  
p h y s i c o c h e m i c a l  p r o p e r t i e s )  o f  t h r e e  h o m o l o g o u s  s e r i e s  
o f  h y d r o x y b e n z o a t e  e s t e r s  v i z .  o - ,  m -  a n d  m o s t  
e x t e n s i v e l y ,  p - e s t e r s  ( r e f e r  f i g u r e  1 ) .
f i g u r e  1 ; G e n e r a l  S t r u c t u r e  o f  H y d r o x y b e n z o a t e  E s t e r s
OR
c=o
OH
p -  R  =  C H 3 ,  C 2 H 5 ,  C 3 H 7
C g H l ? '  C 1 0 H 2 1 ,  
C12H25'
m -  R  =  C H 3  ......... ^ 6^13
o -  R  =  C 3 H 7   C e H i 3
T h e s e  c o m p o u n d s  w e r e  s e l e c t e d  f o r  s t u d y  i n  p a r t
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because of their preservative function in 
pharmaceutical formulations. For example, methyl and
propyl p-hydroxybenzoates are commonly found in a 
70:30 ratio mixture in pressed tablet formulations. 
Also, the majority of the homologues are readily 
available from chemical suppliers.
These compounds owe their effectiveness as 
preservatives to the phenolic group (refer figure 1 ). 
Many pharmaceutical products are susceptible to 
deterioration as a result of autoxidation, a radical 
induced chain reaction. This can often be retarded, 
though seldom prevented, by the presence of an 
autoxidant, such as the hydroxybenzoate esters. They 
are susceptible to radical induced oxidation and 
function as preferentially oxidisable free radical 
scavengers. The ease with which a compound produces 
radicals capable of diraerization by radical coupling, 
a process which favours termination rather than 
initiation or propagation of radical induced chain 
reactions, will determine its relative effectiveness 
as a preservative.
In addition, phenolic compounds form one of the 
major groups of chemical antimicrobial agents.
Pharmaceutical formulations may undergo bacterial
deterioration during storage and handling, and to 
prevent this preservatives are included in the
preparations.
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2.3 Assessment of Biological Response Towards
Antibacterial Compounds.
A) Classical Methods
An essential feature of all Q.S.A.R. studies is 
the measurement of biological response parameters for 
correlation with the proposed structurally related 
physicochemical variable(s).
The principal methods of antibiotic assay are:
i) Dilut ion This method is straightforward and 
simple, and is used to screen organisms and 
antibiotics to ascertain a minimum inhibitory 
concentration. Several dilutions of an antibiotic are 
incubated with an inoculum of the test organism in 
tubes or on seeded agar plates. The minimum 
inhibitory concentration is the lowest concentration 
of antibiotic that completely inhibits the growth of 
the test organism.
ii) Plate Diffusion The antibiotic diffuses through 
seeded agar and the degree of inhibition of the 
growing organism is measured. The diffusion may be 
one-dimensional through a seeded agar tube; two- 
dimensional such as radial diffusion from hollowed out 
cups in a seeded agar plate; or three-dimensional from 
discs placed on a seeded agar surface.
Bauer, Kirby, Sherris and Turck^ have proposed a 
standardized single disc method. They have included 
details of performance and interpretation criteria.
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iii) Respiroroetric Assay This assay depends on the 
ability of the applied antibiotic to inhibit CO2 
production. Respired CO2 may be determined by a 
colour change using a suitable indicator combined with 
a buffer effective in the pH range of the indicator. 
Alternatively radiochemical techniques or respired 
volume analysis may be employed.
iv) Turbidimetric Assay The amount of antibiotic in 
the sample is determined by measuring
(photometrically) the inhibition of growth of the test 
organism. The assay is particularly sensitive to 
variation in inocula and inoculum volume error. In 
general, the amount of growth is inversely 
proportional to the amount of antibiotic present.
The latter two techniques offer relatively rapid 
determinations (4-6 hours) although some turbidimetric 
assays may involve longer incubations. The other 
techniques usually require approximately 16 hours (or 
overnight) for the assay.
The advantages of these classical methods include 
the capability of processing large numbers of 
determinations producing statistically significant 
results of antibiotic activity. The techniques are 
well established and require little further 
development when applied to new compounds.
However, in addition to the time-scale factor, 
other disadvantages arise when utilizing classical
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methods. The plate diffusion assay requires a
uniformly seeded plate of uniform agar gel thickness. 
It also depends only on the fastest diffusing 
component of the active antibiotic. The photometric 
procedure requires the antibiotic not to interfere at 
the selected assay wavelength; and in the 
respiroroetric technique employing indicators the 
antibiotic must not complex with the indicator. If 
the antibiotic is acidic/basic the nature of any 
interference with the established method should not be 
an influence on the pH of the incubation media 
affecting the CO2 level.
In view of such considerations it was proposed 
that an alternative analytical assay be developed for 
direct measurement of the biological responses of the 
study compounds towards bacteria. Criteria for
development included:-
1 . speed,
2 . high precision,
3. good reproducibility,
4. analytical quantitation,
5. simple manipulation.
B ) Microcalorimetry of Biological Systems
Each metabolic event taking place in an organism 
is associated with thermal effects, and hence, 
fluctuations in metabolism will be paralleled by 
variations in heat output rate, or power (equation
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(2)),
heat ouput rate = J s  ^ = W = power (2)
The use of calorimeters to monitor such heat 
output variations has been discussed by Wadso^, 
Chowdry, Beezer and GreenhowlO, Hinzll, and Beezer and 
Chowdryl2. The techniques considered were:
a) adiabatic methods: thermometric titrimetry and 
differential scanning calorimetry, and
b) isothermal methods: flow and batch calorimetry,
and included were outlines of the application of these 
techniques to biological studies.
Beezer and Tyrell^^ have discussed the theoretical 
aspects of flow microcalorimetric investigation of 
biological systems. The paper dealt with the
relationship between the measured variable (heat 
output rate) and the reaction parameters for zero and 
first order reactions.
The following section briefly describes some 
applications of microcalorimetry to biological systems 
reported in the literature.
Fuji ta and Katol4 have investigated the freezing 
behaviours of water in biological studies. They have 
discussed low temperature differential scanning 
calorimetric (D.S.C.) methods.
Miles, Mackey and Parsons^^ have also used D.S.C.
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to study the heat resistances of a range of bacteria.
Beezer and C h o w d r y ^ ^  have discussed the 
application of the flow microcalorimetric technique to 
the bioassay of drug substances. Most of the studies 
reported were concerned, in the main, with qualitative 
accounts of drug/microorganism interaction. However, 
a number of accounts of quantitative bioassays are 
also outlined.
Beezer, Bettelheim, Al-Salihi and Shawls have used 
flow microcalorimetry to detect heat production by 15 
strains of bacteria which commonly cause urinary tract 
infection, and have shown that the method can reliably 
detect the presence of bacteria at concentrations 
between 10  ^ and 10  ^ organisms per ml.
Additionally, the flow microcalorimetric method of 
Beezer et al.l?il8 has been shown to be more 
reproducible (± 3%), more sensitive (0.5 I.U. ml“ )^
and more rapid (ca. 1 hour) than the classical agar 
diffusion method (± 5-10%, 20 I.U. ml“l, ca. 16 hours
respectively) for the bioassay of polyenes.
In general, flow microcalorimetry has some 
advantages over a batch system. The flow arrangement 
as used in this investigation may be manipulated 
easily since the addition of metabolic modifiers is 
made to fermenters external to the microcalorimeter. 
Further, a continuously moving stream of reaction 
media may be considered to be more like an in vivo
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situation than is, say, an agar plate. Equilibration 
time is short (approximately 15 minutes) compared to 
the 2 hours plus required for equilibration of a batch 
system. However, one main disadvantage of flow
systems is the relative difficulty in control of 
gaseous conditions.
A flow microcalorimetric technique was selected 
for preferential development of a quick, reproducible, 
quantitative bioassay.
In growth medium typical power-time curves show 
initially an exponential increase in power output rate 
followed by peaks and troughs^^. If a drug is added 
to an incubation vessel containing microorganisms 
there will be, (in general), a difference in the 
power-time curves according to the concentration and 
timing of the addition.
However, the influence of a drug in the presence 
of growing organisms may result in compensating 
thermal effects. It may be difficult to rationalize 
the effects of the drug, and hence power-time curves 
under growth conditions may need longer to "develop" 
before any quantitative assessment can be made.
Alternatively, drugs may be administered to 
microorganisms which are metabolizing a single 
substrate e.g. they are respiring on glucose. A 
"simpler" power-time curve is obtained. In general 
power-time curves evolved under respiration conditions
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may be assessed after a comparatively short time span 
from administration of drug. Hence respiration
conditions were selected for assay development.
Bacteria were chosen as the microorganism for 
study, Escherichia coli and Staphylococcus aureus, 
examples of gram negative and gram positive bacteria 
respectively, were the two bacterial strains selected. 
Both are employed widely as standard bacteria in 
bioassays. Culture conditions are well documented.
Chapter 5 contains details of the biological assay 
method development and the results derived from the 
finalized method.
The following section discusses a number of 
physicochemical parameters that have been correlated 
with biological activity data to form a range of 
Q.S.A.R. models. Particular attention is paid to the 
Hansch correlation, a popular and widely used Q.S.A.R. 
model.
2.4 Correlat i on
From the designers point of view a satisfactory 
theoretical model should permit reliable predictions 
concerning the circumstances in which correlations 
should occur and the possible variances in such 
correlations.
The favoured form of correlation is linear. It is 
simple and straightforward to use. A linear
correlation takes the general form (equation (3)),
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y = mx + c (3)
If one seeks to correlate the biological activity 
of a compound with a number of physicochemical
properties of the compound, then
y is the observed biological response,
X denotes the parameter(s) for the compound, 
and m and c are regression coefficients generated 
by the correlation.
It is desirable that the models have a physical or 
chemical basis i.e. the parameters should be 
meaningful. Information obtained from correlations of 
such data will lend itself to meaningful
interpretation, and such knowledge may assist further 
predictions about the system.
A particular problem with many regression
coefficients generated from such correlations is 
interpretation of their significance other than as 
correlation factors. Numbers quoted may show some 
variation linked with intuitive, or indeed, real 
differences between the systems studied. Often, the 
problem is to demonstrate that the coefficients do 
have real physical significance.
For example, much effort has been expended on the 
coefficients of the Collander equation. There is no 
proof of any real significance for these coefficients
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although intuition may often be used to explain them. 
One aspect of this study was to analyze such
coefficients for a rational thermodynamic basis (refer
chapter 5 ) .
An important factor to be considered by the model
designer is the degree of parameterization required.
An under parameterized model will fail to predict the 
existence of certain significant, experimentally 
detectable features in the pattern of chemical 
behaviour. An over parameterized model will suggest 
that a more complex pattern of chemical behaviour 
exists than is true. It is not better to err on the 
side of over parameterization since the more 
parameters that are involved in a model, the harder it 
is to apply that model in making predictions. 
Statistical analyses of experimental data are a 
valuable guide when searching for the optimum degree 
of parameterization and ascertaining the "goodness of 
fit" of the data.
TutelS has reviewed correlation analysis as an aid 
to the diagnosis and prediction of drug activity.
2.5 Linear Free Energy Related (L.F.E.R.) Approach 
to Q.S.A.R.
A ) Hansch Analysis
One of the most successful and widely used 
Q.S.A.R. correlations is Hansch analysis (4),
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log l/c = aTT^ + bTT + ca + dCg + e (4)
where,
C represents the molar concentration of a congener 
in a series of compounds necessary to elicit a 
defined biological response,
TT is the Hansch substituent partitioning parameter 
of the substituted and unsubstituted parent 
compound in the series, 
a is the Hammett substituent constant,
€g is the Taft steric parameter, and 
a-e are regression constants.
The biological response of a given drug (left hand 
side of equation (4)) is attributed to some 
combination of hydrophobic, electronic and steric 
properties (right hand side of equation (4)). The 
terms used in equation (4) are related to equilibrium 
effects (TT,a) and rate effects (Cg).
The following sections discuss the historical 
development of the Hansch analysis from other 
equations, and section (2.5F) details the parameters 
involved more fully.
B ) Historical Development
Crum-Brown and Frazer20>21 published the first 
structure-activity relationship study of molecules of 
pharmaceutical interest in 1865-1870. They
investigated a series of poisons, viz. strychnine, 
brucine, thebaine, codeine, morphine and nicotine,
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(refer figure 2 ), and demonstrated that gradual 
chemical modification produced important differences 
in their actions. They postulated that the biological 
response (B.R.) of a molecule was a function of its 
chemical constitution, c (equation (5)),
B.R. f(c) (5)
figure 2; Molecular Structure of a Series of Poisons
Strychnine
Brucine
Thebaine
NCH
CH 3O
Codeine
HO '
HO
Morphine
NCH
HO
Nicotine
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In 1893, Richet22, studying the toxicity of a 
variety of alcohols, ethers, aldehydes and ketones, 
showed that the degree of activity was inversely 
proportional to the aqueous solubility of the 
compounds.
The turn of the twentieth century brought further 
studies of some liquid congeners possessing narcotic 
activity, by Meyer^S and Overton^^, The narcotics 
appeared to penetrate tissue cells as though the 
membranes were lipid in composition, and the passage 
across the membranes and the resulting narcotic 
activity paralleled lipid/water partition properties.
Traube^S, in 1904, found a linear correlation 
between the narcotic activity of a variety of agents 
and their surface tensions. At about the same time 
F u h n e r ^ S  attempted to correlate quantitatively 
narcotic activity with the number of carbon atoms in a 
compound. Moore^?, in 1917, noted that the boiling 
point or volatility of an organic compound correlated 
directly with its toxicity to insects.
F e r g u s o n ^ S  (1939) generalized earlier work using 
the mathematical expression (6 )
log V c j  = mlog Ai + n (6 )
where,
ci is the concentration of the ith member of a
series required to produce a defined response,
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is some physicochemical parameter, such as 
solubility or vapour pressure, and 
m and n are constants of regression for a 
particular series of compounds.
In 1940, Hammett29 postulated the linear free 
energy relationship known as the Hammett equation. It 
was based upon studies of the dissociation of m- and 
p- benzoic acid derivatives and took the form (7),
logCky/kfj) = ap The Hammett Equation (7)
where,
ky and ky denote the dissociation constants for 
the substituted and unsubstituted benzoic acid 
respect ively,
O’ the substituent constant, characterizes the 
electronic effect of the group x, and 
p is a constant dependent on the reaction being 
studied.
The Hammett equation formed the basis for a number 
of ensuing structure-activity postulates.
McGowan^O, in 1951, studied the physical toxicity 
of a variety of chemicals to biological systems and 
derived equation (8 ) which gave excellent correlations 
over the diverse systems,
log C = (7.7 + S) + (4 X 1023)P - 0.036[P] (8 )
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where,
C is the toxic concentration of the vapour of the 
chemical in parts per million (p.p.m.),
S is a sensitivity factor based upon the varying 
sensitivity of the different biological systems 
to the series of compounds,
P is the polarizability of the gas or vapour, and 
[P] represents the molecular volume, or parachor, 
of the chemical.
1956 brought the empirical, mathematical model due 
to Bruice, Kharash and Winzler^l which assigned 
constants to different substituents of molecules. The 
thyroxine-like activities of a series of congeners 
were defined as the sum of such constants (equation 
(9»,
log % thyroxine-like activity = MEf + c (9)
where,
Ef = (f% + fx' + foR )•
f X , fj^/ and f Qp are entirely empirical and 
selected by a method similar to that of Hammett for 
the evaluation of a constants. The subscript x, x' 
and OR represent the substituents of the molecule of 
interest, and c is a constant.
In 1962, Hansen32 proposed a "biological Hammeti 
equation (1 0),
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-log(Hx)q + log (Ho)q = ap (1 0)
where,
(H%)q and (Ho)q are the concentrations of the
substituted and parent compound respectively in a 
Hammett series necessary to give a defined 
percentage response, q,
a and p are Hammett constants.
Hansen was able to correlate successfully 
bacterial growth inhibition of several series of 
compounds with their a constants.
The application of Hammett-like equations was 
extended by Zahradnik^^ to correlate other 
physicochemical parameters of a homologous series of 
compounds with biological response, (equation (11)).
log (Ti/TEt) = oifi (1 1)
where,
and Te  ^ are the molar concentrations of the ith 
congener and the ethyl derivative of the 
homologous series necessary to elicit a defined 
biological response, a.
/3 is the physicochemical parameter which is 
dependent upon the particular substituent.
Different P values were used, including Hammett 
and Taft constants (refer section 2.5F). Only limited 
success was achieved.
Ferguson34 was probably the first person to
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connect the Gibbs function (free energy) with 
biological activity. He abstracted toxicity data from 
the literature, and noted that in homologous series of 
alcohols, the logarithm of toxic concentration varied 
with carbon number in the same way as properties which 
were linearly related to free energy. He suggested 
that concentration in a body fluid was not a critical 
factor controlling the biological activity of a drug, 
but that the concentration within the receptor cell
was critical. If the cell contents were in
equilibrium with the surrounding body fluid, the 
thermodynamic activities in the two phases would be 
equal. Ferguson expressed this activity as Cg/Cg for 
solutions where Cg was the effective concentration and 
Cg the solubility. Also, since gas concentrations are 
measured in terms of their partial pressures, the
activities for gases and vapours were given by Pg/Pg, 
where Pg was the effective vapour pressure, and Pg the 
saturated vapour pressure.
The theory worked well with general anaesthetics. 
The compounds examined by Ferguson had widely 
different chemical structures, for example N2O, CHCI3 , 
(^2^5 )2^» Eind widely different potencies, the narcotic 
concentrations being in the range 0.5 - 100%. It also 
worked well with the in vitro antimicrobial activities 
of phenols. However, with homologous series, the
thermodynamic activity was frequently found to
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increase with carbon number. This behaviour showed up 
as an increase in biological activity as the series 
was ascended, followed by a s-udden abrupt fall, i.e. a 
cut-off point. An attractive explanation was that at 
the point at which biological activity fell, the 
biologically effective concentration was greater than 
the solubility of the homologue. A super-saturated 
solution would therefore be necessary to achieve an 
effect.
As had Overton and others in years prior to 1965, 
Hansch35,36 recognized the physicochemical nature of 
biological reactions. He realized the importance of 
partitioning in drug transport to the ultimate site of 
action. Inspection of the data led Hansch to
postulate a two-stage model for drug action a) a 
"random walk" equilibrium-based stage and b) a rate 
related stage of attachment to the receptor site. 
Hansch explained the cut-off point noted in certain 
homologous series by suggesting that the equilibrium 
conditions required by Ferguson’s theory were not 
established. The systems with which Ferguson’s
approach was successful (general anaesthetics, 
phenols) were ones in which equilibrium established 
quickly.
This "random walk" model is now well established 
and frequently adopted in Q.S.A.R. studies.
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C ) figure 3; "The Random Walk”
E xtrace iyar
Phase
Random
Walk
C
Ac V
Critical Reaction 
Site
-RESPONSE
In this model the drug is dosed into the 
extracellular phase at a concentration C and then 
passes through the membranes between this phase and 
the site of action by a "random walk" process. The 
probability of a molecule arriving at the site of 
action in a given time interval is related to a 
mathematical function of the partition coefficient, P. 
The partition coefficient is the ratio of the
activities of a compound in two immiscible liquids 
which are in contact (equation (12)7,
Pi = [(ai)i/(ai)2]
where,
P^ = the partition coefficient of compound i 
distributed between liquids 1 and 2 , 
(ai)i = activity of i in liquid L,
(12)
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(ai)2 = activity of i in liquid 2 .
However, activities are often unknown and as a 
result concentration terms are substituted, i.e. 
equation (13),
Pi = [(Ci)i/(Ci)2] (13)
where,
(Ci)i = concentration of i in liquid 1 ,
(Ci)2 = concentration of i in liquid 2 .
This substitution requires that the concentrations 
must be in Henry's law region, and that in any further 
approximations that saturation limits are avoided.
P is often expressed in terms of 77, the Hansch 
substituent partitioning parameter of the substituted 
and unsubstituted parent compound of a series.
The two immiscible liquids in principle are 
selected to represent the hydrophilic and lipophilic 
properties of biological membranes. (This point is 
discussed in detail in chapter 2 .)
Let kj^  denote the rate constant for the rate 
limiting reaction in the drug’s action. This reaction 
will be possibly, but not necessarily, at the site of 
action, but it is essential that it is the same for 
all members of a congeneric series. Attachment to the 
receptor site will depend on
a) the shape of the molecule, and hence on the 
stereochemistry of its substituent groups, and
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b) the electron density on the attachment groups.
The electronic and steric factors of the 
attachment to the receptor site are described by a and 
Cg respectively. a is the Hammett substituent
constant, defined by equation (14),
a  = log kx - log ko (14)
where,
kx and kg are the dissociation rate constants for 
substituted and unsubstituted compounds. 
(Inspection of equation (14) demonstrates its 
parallel to 77, the Hansch constant.)
The steric factor utilized is Cg, the Taft steric 
parameter. This parameter is described by equation 
(15),
Cg = log (kx/ko) (15)
where,
kx is the rate of acid hydrolysis of a substituted 
compound and k^ the rate of acid hydrolysis of 
the unsubstituted parent compound.
The complete biological process can therefore be 
fitted into equations of the form (16),
log 1 /(] = k 2 + k2 7^ + k + k^Cg (16)
This expression is said to be "extrathermodynamic"
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since the parameters are used in systems dissimilar to 
the systems in which they were determined. kj - k4 
are constants for the series generated by regression 
analysis of data.
D ) Hansch Analysis: Relationship with Free Energy
The Hansch analysis is a linear free energy 
related approach to Q.S.A.R.'s. The terms used are 
related to the Gibbs function and have a thermodynamic 
basis. The logarithm of an equilibrium constant, K, 
is proportional to the standard Gibbs function change 
(AG) accompanying the reaction (equation (17),
In K = (17)
where,
R is the ideal gas constant, and 
T is the absolute temperature.
-AGx -AGo
In Kx - In K„ =  ^
= ^  (18)
Comparison of equation (18) with the terms to be 
found in the basic Hansch equation demonstrates a 
relationship with free energy.
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E) Modifications: Parabolic Dependency of Biological
Response on Partition Coefficients
The basic Hansch equation has achieved 
considerable success in correlating structure- 
activity data for many systems. Modifications have 
been made to extend its application. One of the 
foremost modifications has been Hansch's postulate 
that the biological response to a drug is 
parabo1ically, rather than linearly, related to its 
partitioning properties.
The random walk involves passage across 
hydrophilic barriers and lipophilic barriers. 
Substances with low aqueous solubilities will be 
impeded (or, if solubility is sufficiently low, 
prevented) from crossing hydrophilic barriers, and 
there is a similar connection between low lipid 
solubilities and ease of crossing lipid barriers. 
Somewhere between the two, there will be an optimum 
balance between hydrophilic and lipophilic properties, 
so that a plot of hydrophilic-lipophilic nature 
against the likelihood of the molecule completing the 
random walk takes the form shown in figure (4).
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figure 4: Parabolic Dependency of Biological Response
on Partition Coefficient.
Hydrophilic lipophilic77
The plot approximates to a parabola for which the 
general equation is (19).
y = a + bx + ex' (19)
and therefore the basic equation (16) was modified to 
read (2 0 ),
l o g  1 / q  =  a  +  b T i 2  +  cTT +  d a  +  e c . (20)
The second and third terms on the right hand side 
represent the random walk and the fourth and fifth 
terms, the electronic and steric factors describing 
the attachment to the receptor site. a - e are again 
the coefficients generated by regression analysis.
The coefficients a-e are fitted to the curve by 
the least-squares procedure, using regression methods
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for which computer programmes are readily available. 
Once the best fit has been achieved and r (or r^ ) has 
been maximized by using a reasonable number of 
compounds (15-20 is an advisable number, depending on 
the number of variables tested), the curve can be used 
to predict the biological activity of compounds that 
have not been tested or, indeed, have not even been 
synthesized. This requires only the substitution of 
the optimized regression coefficients into the 
equation, and the use of P (most often expressed as n, 
refer section 2.5F), cr and Cg values which are 
available from the literature for most substituents. 
Independent variables other than tt or a - including 
ionization constants, molar volumes etc. - may be 
used. Some of the parameters which have been employed 
in attempts to modify and improve the basic Hansch 
equation (16) are briefly discussed in the following 
sect ion F).
A disadvantage of the Hansch method is that one 
can obtain a good fit simply by manipulating the 
constants. Therefore, curve-fitting must be done for 
a relatively large number of compounds to ensure that 
all predictors are considered. Secondly, the rate of 
action may change for drugs within a seemingly 
continuous series, making the comparison of some 
compounds in the series with the predictor compounds 
meaningless. The Hansch method cannot anticipate such
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a change.
F) Parameters Employed in Biological Correlations
As discussed in the previous section the 
biological response exhibited by a drug after its 
administration may be considered the result of 
different consecutive events like adsorption and 
desorption, partitioning into different liquid phases 
leading to transportation to the active site, followed 
by drug receptor interactions (refer random walk model 
section 2.5C). Though the transport processes and the 
drug receptor interactions are complex in nature they 
are essentially physicochemical and can be factored 
into electronic, hydrophobic and steric parameters. 
The variations in biological activity as a result of 
structural modifications in a congeneric series may be 
taken to depend upon the concomitant changes in these 
physicochemical parameters,
i) Hydrophobic Parameters
The most commonly used hydrophobic parameters are 
TT, (refer equation (16), the basic Hansch equation), 
log P and Rjj,.
a ) TTj the Hansch Constant.
If a linear free energy related model like the 
Hansch model is used to describe and predict 
biological activities in terms of physicochemical 
parameters, these parameters must be known for all 
compounds included in the analysis. It is desirable
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to be able to predict physicochemical properties from 
chemical structures and hence estimate the biological 
activity of new, unknown compounds.
Hansch demonstrated that partition coefficients 
are - in the logarithmic scale - additive constitutive 
properties. In this context, additive means that 
partition coefficients can be calculated by simply 
adding increments relating to partial structures: 
constitutive means that the increment values depend on 
the relative position and environment of the partial 
structures.
Fujita, Iwasa and Hansch^? defined the hydrophobic 
substituent constant tt (equation ( 2 1 ) )  of a 
substituent x as the difference between the log P 
values of the substituted and unsubstituted compound.
Px
~ Px “ log Po ( = log ^ )  (2 1 )
^o
From eight different series of aromatic compounds 
TT values for the most important aromatic substituents 
could be derived. Slightly different values were 
obtained for m- and p- substituents indicating some 
electronic interactions,
b ) Rekker Fragmental Constants
Under some circumstances the tt descriptor proves 
inadequate, e.g. values for -CH2 and -CH3 are the same 
under the Hansch directive. An alternative is
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expressed in equation (2 2 ), considering octan-l-ol-/ 
water partition coefficients.
In P = E af (22)
This alternative is theoretically better. 
Although it assumes additivity, it does attempt to 
take account of constitutive effects by the 
introduction of the correction factor f, representing 
the lipophilic fragmental constants of the various 
groups in the molecule and the number of times the 
group occurs, a.
Hence, , fragmental values may be assigned to 
different atoms and groups and used to determine 
theoretical log P values, especially important in the 
case of hypothetical (not yet synthesized) or unstable 
structures for which partition values cannot be 
obtained experimentally.
However, Miertus, Trebancka, Frecer and Jakus^B 
raise two objections to this approach. i) The method 
is entirely empirical and does not adequately reflect 
any electronic redistribution processes and ii) the 
decomposition of the structures into fragments for 
complex molecules can be ambiguous and may lead to 
conflicting log P values. They have attempted to 
develop a more exact method based upon a model which 
calculates the total Gibbs function of solvation as
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the sum of electrostatic, cavitation, dispersion and 
repulsion terms finally computing to a theoretical 
partition coefficient,
c) Chromatographic Values
When the solubility of a solute is considerably
greater in one phase than in the other, partition 
coefficients become extremely difficult to determine 
experimentally. Therefore, parameters related to the 
partition coefficient, in particular the Rf value of 
chromatography, have been used.
In (1/rj. - 1) (23)
In P = Rjjj + constant (24)
Special chromatographic methods have been
developed for highly lipophilic materials, which give
rise to Rf values outside the normally acceptable 
range. Reversed phase thin layer chromatography is a 
useful technique in this respect. The determination 
of R^ values and their use in Q.S.A.R. ’s have been
extensively reviewed by Toralinson^^. This paper
includes a discussion of some reasons for non­
additivity of Rjjj valuos, such as steric effects, 
intramolecular hydrogen bonds and electronic effects.
The experimental determination of Rjj, values offers 
many advantages over the measurement of partition
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coefficients:
1 ) Rgj values can be determined much more quickly and 
less tediously than partition coefficients; a large 
number of compounds can be investigated simultaneously 
(up to 20-25 compounds per 20 x 4 cm plate).
2) The compounds need not be pure because impurities 
do not affect Rf values since they are normally 
separated during development.
3) Little material is required. This may be
extremely important when considering hydrophobicity of 
molecules of biological origin.
4) The measurement of Rg, values of sparingly soluble 
compounds does not pose a problem.
5) There is no need for quantitative analysis of the 
solute.
6 ) More reproducible results are usually obtained 
compared to those derived from direct partition 
techniques.
Two disadvantages are:
1) Streaking of spots due to overloading of solute, 
and
2 ) poor visualization.
Also, in reversed phase systems an even 
distribution of the non-aqueous phase upon 
impregnation of the support is not achieved for 
certain, possibly affecting the R^ , value. Replication 
alleviates this problem.
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Perina and S a r s u n o v a ^ O  have studied the use of 
adsorption chromatography in Q.S.A.R..
Tomlinson and R i l e y 4 1  have discussed the behaviour 
of functional groups when investigated under ion-pair 
liquid chromatography conditions, 
i i) Electronic Parameters
Electronic parameters aim to approximate the 
electronic aspects of drug receptor interactions,
a) The Hammett cr Constant
Fukata and M e t c a l f 4 2  measured the toxic 
concentration of substituted phenyldiethyl phosphates 
(figure 5) on houseflies.
figure 5; Structure of Phenyldiethyl Phosphates
O
II
H 5C 2— O —  P — O —  C 2H 5
The results were expressed in terms of the minimum 
lethal dose required to kill 50% of the flies treated, 
designated M.L.D.50. Log(l/M ^.0 .5 0  ^ Plotted versus a
gave a good linear correlation indicating that the 
biological activity in this case was mainly dependent 
upon electron density.
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log (I/M.I.D.5 0 ) = 1-963* - 3.030 (25)
b ) The Taft Parameter, a*
a* is the parallel constant to a, the Hammett 
constant, utilized for aliphatic rather than aromatic 
systems. It is a measure of the polar effects of 
substituents in aliphatic compounds when the group in 
question does not form part of a conjugated system. 
These are based on the hydrolysis of esters and are 
calculated from equation (26), where k represents the 
rate constant for the hydrolysis of the substituted 
compound, and kg those of the methyl derivative.
(T* = (1/2.48) [l°g(k/*<o)B - log(k/ko)A] (26)
The bracketed term with the subscript B represents 
basic hydrolysis and the other, with the subscript A, 
acid hydrolysis. The factor 2.48 brings the constants 
onto the same scale as the Hammett constants. The 
equation depends on the fact that although basic and 
acid hydrolysis are sensitive to steric effects, the 
effect is the same. Only basic hydrolysis is
influenced by polar effects so that by subtracting the 
acid terra from the basic term, only the polar effect 
remains.
71
i i i) Steric Parameters 
a) Taft Parameter,
This constant, , is a corollary of equation
(26). It depends on the fact that acid hydrolysis is 
determined almost completely by steric factors. Cg is 
defined by equation (27). *
= log (k/ko)A (27)
The Taft €g parameter has been used by Kutter and 
Hansch43 to examine the effects of substituents on 
antihistamine activities of some analogues of 
diphenhydramine.
The above section F) discussed P ( tt and R^), a ( a * ) ,  
and Cg, parameters utilized in the Hansch correlation. 
Section G) below considers other parameters which have 
also been used in alternative correlation exercises.
G ) Parameters of Alternative Biological Correlations
a) Van der Waals Dimensions
Van der Waals volume (V*) and radius (r^), 
represent actual dimensions of the groups in question. 
Chemical groups are rarely symmetrical and the value 
of ry depends upon the axis along which the 
measurement is made. Three types of radius are
defined; r^fmin), r\(max) and the distance the
group protrudes from the bulk of the parent molecule, 
r^ can be correlated with biological results in the
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same way as other steric parameters. *"v(min) ^s the 
preferred version of the parameter as groups are 
expected to take up positions which will minimize 
steric interaction. Sometimes an average value of the 
three is used, r^(av)*
b ) Charton's Steric Constants
The principal problem with van der Waals radii and 
Taft's Cg constants is the limited number of groups to 
which these constants have been allocated.
Charton introduced a corrected van der Waals 
radius, U, in which the minimum van der Waals radius 
of the substituent group (rv(min)) corrected for
the corresponding radius of hydrogen, r^^H), (equation 
(28)),
6 = rv(min) " rv(H) (28)
Such U values were shown to be a good measure of 
steric effect by correlation with Cg values, and were 
also found to be recti linearly related to the rates of 
estérification of substituted carboxylic acids with 
methanol and ethanol. Since there were ample data for 
these reactions, Charton was able to extend the list 
of constants to sixty two by substituting rate 
constants into the regression equations linking 
estérification rates to U.
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c) The Parachor. [Pi
[P] expresses the molar volume, V, which has been 
corrected for forces of intermolecular attraction by 
multiplication by the fourth root of surface tension, 
y, (equati on (29)).
[p] = V ^ (29)
where,
M = molecular weight, and
D = density.
d) Smoothed Surface Area/Smoothed Volume
Bultsma44 has investigated log P in relation to 
some geometrical properties of apolar molecules. For 
molecules in which the atoms are represented by
spheres, two parameters were defined, the smoothed 
surface area (SSA) and the smoothed volume (SVL). For 
a series of apolar molecules, it was shown that in 
relationships of log P (where P was the partition 
coefficient for the system octan-l-ol/water) , SSA 
afforded a better fit of the data than SVL.
2 .6 De Novo Approach to Q.S.A.R.'s
The L.F.E.R. approach as discussed in section 2.5 
attempts to correlate biological response with
physicochemical parameters.
De Novo methods are statistical and rank
substituent contributions to biological response 
independently of physicochemical properties.
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In 1964, Free and W i l s o n ^ S  published their 
statistical analysis which defined biological response 
as equal to the sum of the contributions to activity 
of substituent groups plus the overall activity 
contribution, /i, of the parent structure, (equation 
(30)).
B.R. = E(substituent group contributions) + u  (30)
Substituent group contributions are expressed as 
representing the activity contribution for the 
ith group at the Xth position.
A matrix is constructed: X becomes 0 or 1,
indicating the absence or presence of a particular 
group at position X. The matrix thus represents a 
series of equations in multiple unknowns, one equation 
for each compound. Its solution by a least squares 
method gives the values for the De Novo substituent 
constants for every substituent at each position. The 
major limitation of this method is that the activity 
contribution of the substituent should be additive. 
It is an empirical model which does not give any idea 
about the physicochemical significance of the 
structural change. Again the coefficients (and in 
this case the group contributions and the activity 
contribution) do not have physical significance. No 
assumptions are made about the relevance of the model
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parameters to the biological activity of the molecule.
This approach is illustrated below for a series of 
congeneric molecules each of which have structure A 
(figure 6 ).
figure 6 : Basic Structure of Congeneric Molecules to
Illustrate De Novo Approach
where,
six different positions (R]^-Rg) have been 
substituted with a%, 8 2 , ag, 8 4 , 85 and ag
substituents respectively.
The total number of possible compounds will be a^ 
X 82 X  83 X 84 X 85 X ag. The minimum number of 
compounds required for Free-Wilson analysis depends 
upon the number of positions substituted, and the 
number of substituent variations at each position. 
This number can be calculated from equation (31),
No. = 1 + (aj-l) + (82-1) + (ag-l) + (84-1)
+ (ag-l) + (ag-1) (31)
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This minimum number should be exceeded by 10-20 
compounds for fair results. Thus if = 82 = ag =
= 85 = ag = 3 then the activity for the total number
of 729 (3 6 ) compounds can be calculated from 30
compounds (minimum number being 1 + (3-1)6 = 13).
About the same time as Free and Wilson^S, Kopecky, 
Bocek and V l a c h o v a ^ G  introduced a similar mathematical 
Q.S.A.R. model, which was multiplicative as well as 
additive. It comprised four basic equations:- (32)
B.R. = ®x By
B.R. = bxby
B.R. = Cx + Cy + dxdy
B.R. = Cj; + Cy - dxdy
where,
(32)
a ,b ,c and d represent substituent contributions 
to total activities of the compounds,
X and y denote the substituent position on the 
parent molecule, and 
B.R. is the total biological response for the 
molecule, described by log M.L.D.gg,
(M.L.D.gQ = concentration necessary to kill 
50% of the population chosen for study, 
refer section 2.3).
This model, however, did not find much practical 
use because of the number of parameters involved.
Based on the Free-Wilson additivity model as
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represented by equation (31), two modifications were 
suggested by Cammarata and Yaus^? (equation (33)) and 
Fujita and Ban^S (equation (34)).
biological response = j j X^j + Mjj (33)
(logarithmic value)
biological response = j A^j X^j + Mq (34)
(logarithmic value)
where,
Aj^ j is the group contribution of the substituent
X a t  position j , based on the definition that 
all Api — 0 ,
ii\{ is the biological activity of the unsubstituted 
compound, and,
Mq is the biological activity of the unsubstituted 
compounds (all X^j = H), a theoretically 
predicted value.
An arbitrarily chosen reference compound, 
preferably the unsubstituted compound (all Xjj = H),
is chosen as the basis of all group contributions.
Waisser, Machacek and Celadnik^S have used the 
Free-Wilson model to investigate the relationship 
between the chemical structure and selectivity of 
drugs. Their strategy of drug design attempted to 
include consideration of the undesirable side effects 
of drugs during development stages.
Parameters used for De Novo correlations are
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described in the following section.
A ) De Novo Parameters
a) Minimal Steric Difference
Minimal steric difference, M.S.D., assesses the 
difference between molecules in terms of the parts 
which do not overlap when one chemical formula is 
placed on top of another e.g. piperidine (figure 7) 
and pyrrolidine (figure 8 ).
figure 7: Piperidine figure 8 ; Pyrrolidine
N 
H
The methyl group surrounded by the dotted circle 
will determine M.S.D. since it is the only portion 
which does not overlap in this example.
The rules for calculating M.S.D. are as follows:-
a) Hydrogen atoms are ignored.
b) Elements in the second period of the periodic table 
have a weighting of 1 .
c) Those elements in the third period have a weighting 
of 1.5.
d) Elements higher in the periodic table have a 
weighting of 2 .
Thus, M.S.D. between piperidine and pyrrolidine =
1.
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e.g. pyrrolidine and indole (figure 9) M.S.D. = 4 
figure 9; Indole
''Jri NH
b ) Steriipol Parameters
The steric parameters discussed so far have 
represented only one aspect of the shape of a molecule 
or group e.g. r^ - the width along one plane. 
Sterimol parameters were developed to overcome this 
weakness.
Each chemical group is allocated five sterimol 
parameters: L, the distance the group protrudes from
the parent molecule, and B 1-B4 , which describe the 
widths of the group in four directions at 90° to each 
other and perpendicular to the L axis. The
cross-sectional dimensions increase from B^-B^ (see 
figure 10).
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figure lOj Sterimol Parameters
B3
B4
X
Bi
side view front view
VerloopGO has discussed sterimol parameters for 
application to receptor mapping.
Walters and Hopfinger^l have presented case 
studies of the application of molecular shape analysis 
to elucidate drug action. A Q.S.A.R. equation for 
cholinesterase inhibition was constructed using one of 
the descriptors derived from common overlap steric 
volume.
c) Molecular Connectivities
denotes a molecular connectivity of mth order. 
Zero order connectivity, * may be expressed as 
follows (equation (35)),
(35)
where,
is a number assigned to each non-hydrogen atom 
reflecting the number of non-hydrogen atoms
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bonded to it. e .g , n -butane.
H H H H
H - Ca - Cb - Cc - Cj - H
H H H H
SCa = 1
SCb = 2
°X = (^/✓SCq ) + (l//SCb) (^//SCc) (^//SCj)
= l/j + 1//2 + 1//2 ^/l
= 3.414
The first order connectivity, 1X , is derived for 
each bond by calculation of the product of the numbers 
associated with the two atoms of the bond. The 
reciprocal of the square root of this number is the 
bond value, e.g. n-butane
Ix = (V/2) + (V/4) + (1//2) = 1.914
Hall and Kier^2 have demonstrated an extended 
application of molecular connectivity,
d ) Graph Theoretical Analysis
Grossman, Dzonova and Randic^S have considered a 
graph theoretical approach to Q.S.A.R.’s consisting of 
the characterization of molecular forms by selected 
graph (structural) invariants followed by a detailed 
comparison of the derived "mathematical"
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(computer-aided) representation of the molecules, 
using path numbers, a variant of molecular 
connectivity.
They found that paths and suitably weighted paths 
offered considerable flexibility and were capable of 
capturing a number of important structural 
characteristics. Additionally, a sensitivity study 
concerned with the influence of bonds of different 
types (i.e. aromatic C-C bonds, aliphatic C-C bonds, 
as well as C-0 and 0-N bonds) was made.
They concluded that the use of graph theoretical 
analysis may reveal relevant structural elements and 
suggest a common feature responsible for a particular 
characteristic.
2.7 Combined Model
Combined methods interrelate the two approaches 
amalgamating physicochemical parameters with indicator 
variables derived from De Novo principles.
The Free-Wilson model suffers from its inability 
to attribute physical significance to the substituent 
contribution and fails to yield good correlations in 
the cases where the parabolic model of Hansch is 
applicable. Similarly, it can be difficult to explain 
the variance in the biological activity only in terms 
of known physicochemical parameters, which may 
necessitate the use of dummy parameters. As a result 
equations containing a part "A", in which
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physicochemical parameters are used and a part "B” of 
indicator variables based on the Free-Wilson 
postulate, are sometimes described (equation (36)),
log ^ / q = ai(log P)2 + 3 2 (log P) +a3CT + a^Cg
A
+ agli + 8612 + a j  
B
(36)
2 .8 Newer Models
Figure (11) illustrates potency/1ipophi1icity
relationships from some of the newer models, which 
permit new interpretations. 
figure 11; Newer Models
P la te a u  (H y d e )
Bi linear ( Kubinyi )
Double P a ra b o la  (F ra n k e )
Hydrophob ic i ty
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a) Plateau
Hyde54 has suggested that bioassays often involve 
a simple equilibrium, rather than non steady state. 
In such a case, one might expect activity to plateau 
as 1ipophi1 i d t y  is increased, the equation taking the 
f orm (37),
log 1/c = -log(a + 10-log P) + b (37)
b ) B ilinear
K u b i n y i S S  has suggested a bilinear relationship, 
based on an analysis of drug transport involving four 
phases of unequal volume; outer aqueous, lipid 
membrane, inner aqueous and receptor. In his model, 
equation (38), /3 is the volume ratio of lipid to
water. Many data sets are well fitted to this model:
log l/ç = alogP - blog(^P + 1) + c (38)
c) Double Parabola
F r a n k e ^ G  has suggested a relationship described by 
a double parabolic curve and argues that this may 
result from the presence of two hydrophobic binding 
sites. The second of the two maxima may result from 
larger molecules, being unable to bind efficiently to 
the first lipophilic region, contacting a neighbouring 
second lipophilic region. Several sets of data have
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been fitted to such a model, (equation (39)).
log 1/c = aTT - bTr2 + cTT^  - drr^  + e (39)
d) Ionization of Drugs
Another model postulates partition and ionization 
as being the dominant factors influencing bioactivity.
The pKa of a drug is important to its 
pharmacological activity since it influences 
solubility, absorption and the passage of a drug 
through cell membranes. In some cases, only the ionic 
form of a drug is active under biological conditions.
Drug transport represents a compromise between the 
increased solubility of the ionized form of a drug and 
the increased ability of the nonionized form to 
penetrate the lipid bilayer of cell membranes. Also, 
ionic drugs are more hydrated and therefore "bulkier" 
than nonionic drugs.
Drugs generally pass through membranes in an 
undissociated form but act as ions, if ionization is a 
possibility. A pKa in the range 6-8 is therefore 
advantageous because the nonionized species that 
passes through a lipid membrane has a good probability 
of becoming ionized and active within this pKa range.
e) Kinet i c Models
The parabolic relationship between 1ipophi1icity 
and biological activity may be rationalized via a
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simulation of drug transport in a linearly arranged 
multicompartment system made up of alternating aqueous 
phases and lipid phases, with k] and k2 the forward 
and reverse rate constants of drug transport.
With the arbitary assumption ^ 1^2 ~ 1 » Penniston,
Beckett, Bentley and Hansch^? solved this set of 
differential equations for the last compartment of a 
twenty compartment system by numerical integration. 
The resulting plot indicated that a parabola was 
indeed an excellent approximation of the real 
1ipophi1 icity - concentration relationship.
Dearden and T o w n e n d ^ B  reconsidered this
multicompartment model with a computerized technique 
using the same assumption kik2 = 1. However, in
contrast to Penniston et al. they looked upon the 
system not only after a short time but also after 
longer intervals. The short time interval results 
compared well with those of Penniston et al. but later 
on the curves became distorted and the optimal log P 
changed markedly.
The results indicated that low biological activity 
of very lipophilic compounds did not result from their 
being absorbed strongly by the first lipid membrane 
encountered, so being unable to proceed to the site of 
action. Their random walk was delayed, but they did 
eventually move through the body and were predicted to 
eventually give a high responseSB.
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It was noted that in practice such a delay offered 
a greater chance of metabolism and/or excretion by 
alternative routes. Results were obtained which
compared with the complex structure-activity 
relationships derived by Franke^GtGl from the protein 
binding model.
However, the above two models are limited by the 
assumption ^ 1^2 ~ which has been disproven by
experimental k% and k2 values.
Van der Waterbeemd, Jansen and Gerritsma^Z have 
described apparatus and method for the determination 
of (observed) rate constants for the transfer of a 
drug from an aqueous to an organic phase and for the 
reverse process.
With no assumptions, M c F a r l a n d ^ S  considered the 
probability of drug molecules entering another phase, 
after crossing several aqueous - lipid interfaces, at 
a certain aqueous compartment distant from the first 
aqueous compartment where the drug is applied. 
Symmetrical curves with linear ascending and 
descending sides around optimal lipophilicity 
resulted.
Balaz and Sturdik^^ have studied the connection 
between Q.S.A.R. methods and compartment models of 
kinetic behaviour of biological systems.
Other attempts to introduce time into Q.S.A.R. 
analysis comprise e.g. a) relations between
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pharmacokinetic parameters of drugs and their
physicochemical p r o p e r tie s ^ S , 6 6  ^ and, b) time
dependent changes in the relations between the drug 
activity and its physicochemical p r o p e r t i e s ^ V , 6 8 ^
2.9 Assumptions Common to All Models
These new models differ in interpretation of 
mechanism from the classical models. However, several 
assumptions are common to all models:-
1) Conformational change is ignored.
2) Metabolism does not interfere.
3) All compounds have the same rate-limiting step.
4) L.F.E. terms relevant to receptor affinity are 
additive.
5) Lipophilicity relation is linear or parabolic.
6) Correlation implies a causal relationship.
7) They also generally result in regression 
coefficients which do not have physical/ 
biological significance.
Cooper, Berner and Bruce^S have compared various 
kinetic and equilibrium models.
2.10 Methods of Data Sorting
a) Topliss Decision-Tree Approach
Topliss has developed a non mathematical, non 
statistical and non computerized guide to the use of 
basic Hansch principles for the most efficient 
optimization of activity of a lead structure. The 
only assumption of this technique is that the lead
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structure contains an unfused benzene ring.
However, it must be stressed that this simple 
analysis is based purely on ir and a values, and other 
factors, for example, steric factors (which may be 
important) have been neglected, thus possibly 
invalidating the analysis.
The approach involves the introduction of 
predictable changes in these parameters,
classification of the biological activity and 
interpretation of the results by simple deduction.
A substituent is introduced which is known by 
experience, to be likely to lead to more active 
structures. Since activity frequently increases with 
lipophilicity and also with electron withdrawal, step 
one may be to introduce a chlorine atom into an 
aromatic ring. Now dependent on whether activity 
decreases, remains the same, or increases, so the next 
compound synthesized is either methoxy, methyl, or a 
dichloro derivative, for example.
Topliss has also extended the approach to the 
study of side-chain alkyl groups such as may be found 
in esters, ketones, amines and amides, among others. 
In this case the argument regarding the effect of 
changes in substitution is conducted in terms of cr*, tt 
and Eg.
b ) Sequential Simplex Method
When results on three compounds are available, a
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graphical technique may be employed to choose a 
profitable fourth compound for synthesis, via the 
"sequential simplex method".
If lipophilicity and electronic character are 
believed to play a role in determining relative 
activity, one may proceed by assigning the respective 
a and n parameters to these physicochemical properties 
and constructing a graph as shown (figure 1 2). 
figure 12: Sequential Simplex
I SEARCH 
t r H E R E  /
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The three points represent the three compounds and 
form a triangle. One selects the point representing 
the least active of the compounds, and constructs a 
line from this point to bisect the opposite side of 
the triangle, producing a line to a region of a,7T 
space which is fruitful for choosing the next 
derivative. This derivative is then made and tested
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and another triangle is constructed omitting the least 
active member of the first triangle, and the process 
repeated. Provided the parameters chosen are
adequately representative of a real physicochemical 
influence of structure on activity, then the most
active derivative in a series is rapidly reached,
c) Batch Selection Methods
Batch selection methods essentially group 
substituents according to their a, tt, 7t2 , C g  etc. 
parameters. A graphical presentation of data may be 
employed by plotting o  values along one axis and tt 
values along, the other to group substituents with
similar values of these two parameters.
The extension of this to more than two parameters 
requires the use of multiparameter space however, and 
therefore computer facilities. Hansch has used such a 
technique to cluster some 90 substituents into groups 
with similar properties. In order to prepare a series 
of derivatives with as wide a range of parameters as 
possible one would select a substituent from each of 
the clusters.
Dunn and Wold?0 have used such a pattern 
recognition technique to distinguish data clusters for 
active compounds and inactive compounds. They have 
also outlined a strategy for classification of 
"asymmetric" results.
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3. SUMMARY
This chapter has outlined a number of Q.S.A.R. 
models, describing a variety of parameters with both 
physicochemical and statistical origins for
correlation with biological response.
The latter De Novo models have achieved 
considerable success in correlation exercises,
particularly molecular connectivity. However, the 
very nature of the approach denies the parameters any 
physical significance. No meaningful interpretation
may be drawn and the predictive capabilities of these 
models may be limited.
Undoubtedly the structure of a compound, its 
functional groups and their relative disposition will 
influence its reaction with an organism, and this must 
relate ultimately to some function of the physical and 
chemical properties of a compound. The factor found 
to be dominant in physicochemical models (Hansch, 
Franke, Kubinyi, Hyde) is invariably lipophilicity,
expressed as n, log P, or Rj^. This is a partitioning 
property. A compound, solvated in an aqueous phase, 
transferring to a lipid phase is taken to parallel the 
movement of a compound across the membranes in a 
biological system. The partition coefficient can be
demonstrated to be a free energy related parameter.
From standard thermodynamic equations.
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AG = -RT In K (40)
where,
AG is the Gibbs function,
R is the gas constant,
T is temperature, and
K is an equilibrium constant.
The partition coefficient is a measure of the 
equilibrium distribution of a solute between an 
organic and an aqueous phase with which it is in 
contact.
It may be expressed in concentration (molar, 
molal) terms,
Co
P = p- (41)
where,
P is the partition coefficient,
Cq is the concentration of solute in the organic 
phase,
is the concentration of solute in the aqueous 
phase.
Alternatively, it may be expressed in mole 
fraction terms, in which case it is designated Kg, and 
is known as the thermodynamic partition coefficient.
%o
%D = ÿ- - (42)Aw
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where,
Xq is the mole fraction of solute in the organic 
phase, and
Xy^  is the mole fraction of solute in the aqueous 
phase.
This latter mole fraction term is preferable since 
it does not suffer from density effects and also 
describes ideal behaviour.
Therefore from (40) and (42),
AGtr = -RT In Kg (43)
where,
AGtr expresses the Gibbs function of the transfer 
of the compound.
Despite this thermodynamic basis there is little 
information in the literature of the associated values 
of AHtr snd AS^r-
AGtr = AHtr ~ TASfr (44)
AHtr = -RT In Kg + TASfr (45)
Such data may assist elucidation of drug transport 
criteria and mechanism.
Therefore it was proposed that part of the study 
be assigned to assessment of partitioning (and 
solution phase) properties of the three homologous
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series of hydroxybenzoate esters (chapters 2,3 and 4) 
and hence to the derivation of the thermodynamic 
descriptors AG^r* AHtr Bind AStr associated with the 
process. An attempt was also made to apportion these 
parameters to parent and incremental substituent 
contributions (chapter- 5) to give further insight into 
any quantitative strueture-activity relationship.
A particular problem with the partitioning study 
was the selection of a bulk solvent to represent the 
lipoid phase of a biological system (refer chapter 2 ). 
At present no rationale exists for solvent selection. 
It was clear that there was a need to define the bulk 
properties pertinent to a biological membrane mimic.
Chapter 5 outlines an initial attempt (with a 
thermodynamic basis) to scale various solvents as 
suitable membrane mimics.
Measurements of Kg were made via van't Hoff
studies and utilizing various caloriroetric techniques.
The experimental details, results and the calculated 
thermodynamic parameters appear in chapters 2 to 5.
Another particular disadvantage of most 
physicochemical models is that they are based upon the 
equilibrium state. The dynamic behaviour of a living 
cell is not built in to the models. Kinetic models, 
as discussed in section 2 .8 , do exist but are complex 
and invariably require the use of computers for data 
manipulation. But for simplicity it would seem
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preferable to find a quantitative structure-activity 
relationship for biological response directly rather 
than via some other property. Part of the study 
involved the development of a suitable analytical 
technique to measure quantitatively biological 
response direct from which a Q.S.A.R. assessment could 
be made (chapter 6 ).
Finally chapter 7 discusses proposals for future 
work. Conclusions are drawn from the physicochemical, 
calorimetric and biophysical investigations undertaken 
and the results discussed with particular reference to 
Q.S.A.R. modelling.
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1. LIPOPHILICITY AND BIOLOGICAL ACTIVITY
Lipophilic, polar, electronic and steric 
interactions are important in determining the 
biological activity of a drug. However, the
differences in the latter three properties, or the 
effects resulting from these differences, are often so 
small within related series of compounds that the 
changes in lipophilicity overrule all other effects. 
An extensive survey of lipophilicity and drug activity 
has been made by K u b i n y i ^ S  and the history of the 
relationship has been reviewed by D e a r d e n ^ S .
An important aspect of drug design is the
modification of the lipophilic character of compounds 
possessing desired intrinsic activity so as to 
optimize their efficacy. Lipophilicity dominates
physicochemical models as a partitioning parameter 
taken to parallel movement of a drug across biological 
membranes. A number of studies have been undertaken 
which have attempted to rationalize and quantify the 
influence of drug structure on partitioning behaviour. 
Some examples are given below.
Korenman and Bolotov?! have investigated the
influence of some functional groups and their position 
on a benzene ring on the partition of some aromatic
compounds between water and various organic solvents.
Starobinets, Rakhmanko and L e s c h e v ? ^  have
determined the partition coefficients of primary
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amines between water/lower alcohols and octane.
Partition coefficients for hydroxybenzoates (and 
the acid) in water/various organic systems were 
reported by Korenman, Shartakoba and P r o x o r o v a ? ^ .  The 
coefficients for benzene, toluene, ethyl benzene and 
propyl benzene partitioning between various organic 
solvents and water have been reported by Korenman, 
Gorokhov and A r e f e v a ? ^ .
Jain and Wray?^ have reported partition 
coefficients which increased monotonically with chain 
length for a series of alkanols in a lipid 
bilayer/water system.
An extensive review of partition coefficients and 
their uses has been written by Leo, Hansch and 
Elkins?^ including the compilation of partition 
coefficients for many systems.
Theoretical studies of interphase partitioning 
include those by Miertus, Trebaticka, Frecer and 
Jakus^S and Dunn and Wold??.
There are three major problems associated with 
partition studies:-
1) Association and dissociation of solutes in
different phases may cause problems. True partition 
coefficients only consider the distribution of a 
specific specie between the two phases. Water and 
organic solvent molecules exhibit varying
solute-solvent interactions with different solutes.
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2) With increasing concentrations, solute-solute
interactions come into play. Therefore Henry's Law 
(for ideal dilute solutions) acts as the limiting law 
for partitioning systems.
3) Partitioning studies assume the molar volumes of 
the two solvents are constant.
A partitioning study was initiated. The compounds 
selected were isomeric hydroxybenzoates (refer chapter 
1 section 2.2). (These compounds are membrane active 
due to the phenolic functional group attached to the 
benzene ring, and are therefore appropriate for 
investigative work both in bulk solvent phases and in 
microbiological suspensions.) It was hoped that the 
partitioning data obtained would demonstrate
structure-activity related behaviour and would 
correlate with biological response as determined in 
chapter 6 .
2. EXPERIMENTAL METHODS OF DETERMINING Kp
The experimental methods of measurement of
partition coefficients have been reviewed by Purcell, 
Bass and Clayton?B, Martin?^ and Rekker^^. A
shake-flask method is most commonly employed but 
examples of other techniques may be found in the 
1i terature.
Burkey, Griller, Lindsay and Scaiano^^ have
devised a simple technique involving the measurement
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of diffusion coefficients to determine partition 
coefficients for the distribution of a variety of 
organic substrates between the micellar and aqueous 
phases of sodium dodecyl sulfate solution.
Kinkel and T o m l i n s o n ^ ^  reported a method for the 
rapid determination of drug/liquid/liquid distribution 
properties. The approach was based on fast solute 
phase equilibration in an organic/aqueous system with 
phase splitting based upon dissimilar phase wetting of 
lipophilic and hydrophilic surfaces.
Kinkel, Tomlinson and Smit^S have investigated the 
temperature dependencies of the distribution of 
substituted benzenes and methyl benzoates between 
aqueous phosphate buffer (pH 7.0) and 2,2,4-trimethy1- 
pentane using a rapid mix/filter probe system which 
enabled short equilibration and measurement times to 
be achieved. The accuracy and precision of the method 
compared to a conventional shake-flask procedure were 
indistinguishable where examined. Nevertheless, a 
classical shake-flask experimental method was adopted 
for this study.
The general reproducibility of partition 
coefficients determined by shake-flask experiments 
reported varies from ± 2%84,85 t o ± 10^*73 , 74 , 75 , 86 ^ A 
particular advantage of the technique is simplicity. 
No specialized equipment is required and the 
experimentation lends itself to 'multiple sampling
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enhancing statistical significance of results.
3. THERMODYNAMICS OF PARTITIONING SYSTEMS
The nature of a reaction and the extent to which 
it takes place can be related quantitatively to 
changes in certain thermodynamic parameters.
The enthalpy change of a reaction, AH, corresponds 
to the heat absorbed or given out by a reaction in a 
constant pressure system. AH depends upon the extent 
to which the transformation takes place and upon the 
nature of the change itself.
The change in entropy, AS, depends upon the 
alteration in the randomness, or degree of disorder, 
within the system associated with the transformation. 
There is always an increase in entropy for a 
spontaneous change in an isolated system. The
direction of spontaneous change is from a state with 
low probability of occuring to one of maximum 
probability. Entropy provides a criterion for
equilibrium in an isolated system.
The change in Gibbs function, AG, provides a 
criterion for spontaneous change or equilibrium at 
constant temperature and pressure. A reaction can 
take place spontaneously only if it is accompanied by 
a decrease in Gibbs function i.e. AG negative (AG zero 
at equilibrium). If the value of AG under a given set 
of conditions is positive, the reaction cannot
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possibly occur spontaneously under those conditions 
although it may be able to do so if the conditions are 
altered.
Combination of such thermodynamic parameters gives 
a true measure of the direction and extent of any 
change.
A ) The Van't Hoff Isochore
With the usual assumption that the standard molar 
enthalpy of transfer is not temperature dependent over 
the temperature range studied, it may be written 
(equation (1 )),
ainKu AH tr
”  RT2
where,
Van’t Hoff Isochore (1)
AHtr i s equivalent to the standard enthalpy of 
transfer between the two solvents. It is thus
possible to calculate the enthalpy of transfer by 
measuring Kp oyer a range of temperatures.
Inspection of the literature describing partition 
coefficient measurements suggests that little 
attention is given to the precise temperature at which 
observations are made. The reason may, in part, be 
due to the lengthy experimentation and tedium of 
recording such data. For systems of pharmaceutical 
interest, particularly with respect to Q.S.A.R.’s 
amongst drugs, the inherent uncertainty in "biological
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response" may render unnecessary any greater degree of 
precis i on.
However, a more detailed analysis of a 
partitioning system permits evaluation of the 
thermodynamic descriptors, and hence a more detailed 
and precise commentary upon the factors governing the 
transfer.
An integrated form of the van’t Hoff equation is 
used (equation (2 )),
-AHfr
In Kj) = —^   -t- constant (2 )
A plot of In Kg versus should yield a straight
line the slope of which is -AHtr-
R
The standard Gibbs function of transfer of the 
solute in the partitioning process may be expressed 
(equation (3)),
AGtr = -RT In Kg (3)
The entropy of transfer may also be calculated 
(equat ion (4)),
- T A S t r  (-1)
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Therefore partition data measured as a function of 
temperature may be used to evaluate AH, AS and AG for 
the solute transfer process. These parameters may 
permit discussion of the role in partition of drugs of 
such factors as group transfer parameters (refer 
chapter 5).
A number of van’t Hoff studies may be found in the 
literature and a selection are detailed below.
DeardenB? has investigated the thermodynamics of 
partitioning of some a IkyIphenols. The van’t Hoff 
plots were reported as satisfactory but no indication 
of the errors involved was given.
Beezer, Hunter and Storey^^ have reported van’t 
Hoff data (and thermodynamic parameters derived from 
such) of resorcinol monoalkyl ethers partitioned 
between water and octan-l-ol.
Beezer, Volpe and Hunter84 have reported van’t 
Hoff data for m-alkoxyphenols in n-heptane/water and 
propylene carbonate/water systems. The data showed 
linear correlation of In Kg versus in the
n-heptane/water system, but slight curvature existed 
for 283-293 K data in the propylene carbonate/water 
system. All the thermodynamic parameters derived from 
the data showed reasonably linear correlation with 
carbon number in the side chain for both systems.
Other workers that have investigated partitioning, 
and its temperature dependency, include Katz and
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Diamond^S, Burkey, Griller, Lindsay and ScaianoBl, 
Kinkel, Tomlinson and Smit^^, Arrowsmith, Hadgraft and 
KellawaySO, Saket, James and Kellaway^l and Egorov and 
Starobinets^^.
Thermodynamic data may be subject to errors in 
that van’t Hoff methods assume i) that AH^r is 
independent of temperature, ii) that AH^r thus derived 
is not subject to appreciable error magnification and 
iii) that there are no other competing equilibria, 
i.e. that the reaction really is a two state process.
King94 has shown that even if pKa’s were measured 
to ± 0.02 units at ten temperatures between 278 and
323 K then the value of the associated enthalpy change 
could only be known to ± 0.795 kJ mol"l. The
variations in derived AH values become progressively 
worse as the precision of the equilibrium constant 
measurement is reduced and as the number of points 
within the temperature interval is reduced.
Dec and Gill^^ have discussed the temperature 
dependence of errors in parameters derived from van’t 
Hoff studies. They demonstrated that the estimated 
errors for the evaluated thermodynamic parameters 
using the van’t Hoff method depend strongly upon the 
temperature of evaluation when the parameter itself 
depends upon temperature. The minimum value of errors 
are found roughly for temperatures in the middle of 
the data set.
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It therefore becomes important to try to
substantiate the values of obtained from van’t
Hoff plots (this chapter) by direct calorimetric
measurement (refer chapter 4).
B ) Additive - Constitutive Properties
Meyer%3 and Overton^^ found that in homologous 
series the partition coefficient increased by a factor 
of 2-4 per methylene (-CH2-) unit.
Collander^S determined that AKg/CH2 fell in the 
range of 2-4 for an ether/water system and 1.8-3.0 for 
a butanol/water system.
Egorov and S t a r o b i n e t s ^ 2  determined the
distribution constants of some aliphatic amines
(hexyl-, nonyl-, dodecyl-, tetradecyl-, octadecyl 
amine) between aqueous and octane phases. The
increment of a -CH2- group to the free energy of 
distribution was reported to be independent of the 
hydrocarbon chain length of the amine molecules.
Saket, James and Kellaway^^ reported the negative
free energy effect of steroidal side chain lengthening 
per -CH2- group (partitioned between dimyristoyl
phosphatidylcholine liposomes; isopropyl myristate and 
0.9% saline solution) as 2.27 kJ mol"^ for 
hydrocortisone esters and 2.23 kJ mol'^ for cortisone 
esters.
Observations such as these serve to qualify the
Hansch postulate which linearly relates the partition
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coefficients (Kg) and hence AG^r (since AG^r = 
-KTlnKg) of solutes to chain length for a homologous 
series. Indeed, Hansch analysis, molecular
connectivity schemes, and fragmental constants etc. 
are all based upon this assumption.
However, recent studies by Beezer et al.8^^85,96 
have found that AG^r values for the m-alkoxyphenols do 
not increase in a regular way but that odd and even 
chain alkyl compounds show different, regular 
increases in AG^r f or the addition of each methylene 
group.
It appears therefore that for some, though not 
all, systems the assumption of a monotonous increase 
in AGtr methylene group, and thus P, may not be
valid. If the oscillation in AAG is confirmed, then 
the linear relationship normally described between 
f(P) and chain length may be the mean of two other 
linear relationships, one relating to the substances 
of odd-numbered chain length and the other to the 
even-numbered members. Methods for calculation of P 
may need to be revised, as will the general 
application of Hansch analysis.
With consideration of such findings the AG^r 
values obtained from the partitioning study for 
homologous series of alkyl hydroxybenzoates were 
inspected for similar AAG trends.
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C ) EXTRATHERMODYNAMIC RELATIONSHIPS IN PARTITIONING
SYSTEMS
Linear free energy relationships in partitioning 
solvent systems are examples of extrathermodynamic 
relationships. Leffler and Grunwald^? argued that to 
identify a single unique mechanism for a series of 
solutes, if AH and AS are approximated as being 
constant, then SAH should be simply proportional to 
SAS, (equation (4)), (where S denotes a change caused 
in the thermodynamic parameter by either a medium 
effect, or, as for the present study, by a change in 
solute structure(s )).
SAH = PSAS (4)
where,
P is a proportionality constant having the
dimensions of absolute temperature (isokinetic, 
isoequilibrium or compensation temperature).
SAG = SAH(l-TZP) (5)
Also Beezer, Volpe and Hunter84 reported that the 
AH/AS compensation plot for the m-alkoxyphenols 
partitioned in a water/n-heptane system was linear 
with an apparent compensation temperature of 869 K. 
This value was higher than that normally found for 
small molecule systems in water^^ (250-320 K) and the
110
78 K obtained85,86 f or transfer of these solutes 
between water and octan-l-ol.
T o m l i n s o n ^ S  has reviewed enthalpy-entropy
compensation analysis of pharmaceutical, biochemical 
and biological systems.
Krug et al.99*100 have recommended that, for 
thermodynamic quantities obtained using van’t Hoff 
relationships, regressions between these quantities 
should be carried out in AHthm'^Gthm coordinates, 
(where thm refers to the harmonic mean temperature of 
the experiments). The use of thm values minimizes any 
statistical bias in the subsequent analysis). Linear 
enthalpy-entropy compensation can arise from 
statistical artefacts, since AH and AS are derived 
from the same data set.
Since estimates of AH and AG at the harmonic mean 
of the experimental temperatures are not statistically 
correlated, any observed linear relationship between 
them is probably a result of chemical causality. One 
can deduce that if, for a series of compounds, all 
points fall on the same compensation line, that all 
changes in behaviour caused by alterations in solute 
structure and/or environment have a common 
physicochemical basis. Additionally, outliers from a 
general relationship may be revealed.
Good correlations for partitioning systems are 
taken to indicate operation of the same mechanism for
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distribution of the solutes. The thermodynamic data 
obtained in the study was subjected to enthalpy-Gibbs 
function compensation analysis.
4. BIOLOGICAL MEMBRANE MODEL - THE CHOICE OF A 
SOLVENT SYSTEM 
The complexity of biological systems has led to 
the search for a solvent system to act as a biological 
membrane mimic^O! for partitioning studies.
Selection of a synthetic reference system poses 
difficulties since biological systems are structured, 
heterogenous systems compared to relatively homogenous 
bulk solvent systems.
A) Membrane Structure
Membrane structure may be described by a fluid 
mosaic model (figure 1). This envisages the membrane 
as a lipid bilayer in which float globular proteins. 
Some of these proteins are integral and pass 
completely through the membrane. Others are
peripheral and are only associated with one membrane 
surf ace.
figure 1: Fluid Mosaic Model of the Membrane
In tegral p ro te in lipKl b ilay er
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The integral proteins are considered to be 
globular proteins which have two hydrophilic regions 
that interact with the aqueous media on either side of 
the membrane whilst the lipophilic backbones interact 
with the lipid bilayer. Peripheral proteins appear 
restricted to the inner cytoplasmic membrane and are 
always found in association with the integral 
proteins. Such proteins can be readily detached from 
both the proteins and the lipids of the membranes 
whilst the integral proteins are difficult to isolate 
entirely free of lipid. No proteins seem to be 
entirely buried in the membrane.
The lipids of the bilayer have polar heads (o) and 
lipophilic tails ( z: ). Like the proteins, the lipids 
possess asymmetry, which imposes uncertainties about 
the mode of formation of the membrane and the 
mechanism of maintenance of the asymmetry. Choline 
derived phospholipids appear to comprise the outer 
layer and the am i nophospho 1 i p i ds the inner one, with 
the cholesterol relatively concentrated in the outer 
layer.
Non-aromatic hydrocarbon solvents may be taken to 
simulate the most lipoidal parts of biological 
membranes, with water conveniently taken to mimic 
aqueous components.
The octan-l-ol/water solvent system predominates 
in the literature as the system of choice to parallel
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biological membranes in partitioning studies. The 
lipophilic hydrocarbon tail and the polar (-0H) head 
may be considered to closely represent lipids of the 
membrane bilayer.
(Recently, Smith, Hansch and Ames^O^ have 
considered the structural, polar and transport
properties of a number of solvent systems viz. 
cyclohexane, benzene, chloroform, butan-l-ol,
octan-l-ol, oleyl alcohol, ethyl acetate and olive 
oil/water to assess the relative merits of each. Of 
those solvent systems studied, octan-l-ol/water was 
reported to be a good compromise for use as a
reference system for a membrane mimic.)
However, octan-l-ol suffers from complex
intermo1 ecu 1ar interactions such as hydrogen-bonding, 
and it has a high mutual saturation level with water. 
These properties present particular problems when 
trying i) to describe accurately the system and ii) to 
define standard states (refer section 5), for 
thermodynamic investigations of partitioning.
The solvent employed in this study was n-heptane, 
a simple straight-chain hydrocarbon. N-heptane is 
easy to obtain as the pure material and is relatively 
insensitive to temperature changes. N-heptane does
not absorb strongly in the U.V. region, thus 
facilitating spectrophotometric measurements. But
most importantly, its mutual saturation with water is
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negligible, and hence the water/n-heptane/compound 
system may be described strictly as a true three 
component system.
An alternative to the use of bulk phase systems 
may be to employ comparatively structured lipid 
bilayers or micelles as membrane mimics^^^. Backlund,
f
Holland, Ljosland and Vikholm^O^ have investigated the 
system water/alcohol/octane as a possible model system 
for micelles. Regrettably time did not permit a 
parallel extension of this study.
To date no rationale exists for selection of a 
bulk solvent mimic. Chapter 5 details a theoretical 
development of apportionment of the Gibbs function 
that scales solvents for suitability as biological 
membrane mimics.
i
5. STANDARD STATES FOR SOLUTES IN STRUCTURE-ACTIVITY 
STUDIES
The standard state taken for the component 
designated solute varies considerably in structure- 
activity studies, a problem considered by Rytting, 
Davis and HiguchilOS gnd Beezer^^^. A conventional 
choice of standard state is particularly important 
when one wishes to attempt comparison of the 
thermodynamic activities of a number of compounds.
The pure toxic substance may be chosen as the 
standard state. When the thermodynamic activities of
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several solutes (drugs) are compared, a different 
reference system is then used for each drug (the 
respective pure drug). For the correlations to have 
any thermodynamic significance, the reference states 
must be relatable. Use of the pure material as the 
standard state has two basic weaknessess:
1) The usual custom of selecting the observed state 
of the substance at the working temperature is not 
very satisfactory for solid compounds, since possible 
polymorphic behaviour complicates selection of the 
standard state.
2) The most important difficulty with selection of
the pure drug as the standard state applies to both 
solids and liquids and lies in the fact that each drug 
in its reference state has a substantially different
environment.
Since drug molecules operate in the immediate 
environments of their receptor sites, and consequently 
the drug concentration is relatively low, logically
their solutions rather than pure states should be 
adopted.
Water is not, however, the best common solvent for 
these reference states because of the complicated and 
highly structured nature of water. Solutes cause 
change in water' properties because the hydrate 
envelopes that form around solute ions are more 
organised and more stable than the flickering clusters
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of free water. Also, water molecules cannot use all
four possible hydrogen bonds when in contact with 
hydrophobic molecules. Such restrictions lead to loss 
of entropy, a gain in density, and increased 
organization. Solvent-solvent and solvent-solute
interactions are large and complicate interpretation 
of thermodynamic and biological data in aqueous 
solution.
Such difficulties would not be encountered when 
the standard state chosen is the gas phase at a 
pressure of 1 atmosphere. Such a choice has the 
advantage that there are no solute-solute interactions 
to consider, so theoretical calculations and 
considerations should be more straightforward.
However, interest in drugs requires that the 
properties of dilute solutions be known: the
properties of the gas phase may not be particularly 
relevant. Furthermore, molecules of moderate to long 
chain length may often exist in quite different 
conformational states in the vapour phase compared to 
their conformations in solution, thus making more 
complex the interpretation of data.
The standard state preferentially adopted is that
of a hypothetical 1 molar, 1 molal or 1 mole fraction 
solution acting as though it were infinitely dilute, 
(where the solvent is a suitable aliphatic 
hydrocarbon), and this is the standard state employed
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throughout this study.
6 . VAN'T HOFF STUDY: EXPERIMENTAL DETAILS
A ) Materials
Pure deionized water (specific conductance 10“® 
mho) and n-heptane, Analar (Fisons), were used 
throughout the study. N-heptane was the solvent 
selected as the organic phase (versus water) for the 
partitioning studies. Mutual solubilities of
n-heptane and water @ 298 K in terms of mole fractions 
( %) are as follows:-.
0.57 X 10"6 A'n-heptane i" water, 0.461 x 10“  ^ ^water 
in n-heptane.
These mutual solubilities are minimal (cf. 
octan-1-0 1/water (Leo and Hansch^^^) 0.0045M at 298 ± 
0.1 K) but mutually saturated solvents were employed 
throughout the partitioning studies to avoid any 
errors arising from mixing the two pure solvents. It 
was assumed that the mutual saturation solubilities 
were constant over the range of temperatures 
investigated. To effect saturation of each phase with 
the opposite phase, equal volumes of each phase were 
shaken together and the whole left to stand for 24 
hours to ensure phase separation.
The compounds partitioned between n-heptane^ and
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waterH were o-, m- and p-hydroxybenzoates, (refer 
chapter 1 section 2 .2 )
B ) M ethod
Partition coefficients were determined for each 
hydroxybenzoate ester over the range of temperatures, 
288.3 319.5 ± 0.1 K at a range of concentrations
(see table 1 ).
Hydroxybenzoate Esters.
Compound Range of Stock 
Concentrations Prepared 
10"4(mol dm"3)
Solvent System
methyl p- 2.98 - 7.61 w a te r H  *
ethyl p- 1.60 - 2.76 ft
propyl p- 1.81 - 1.65 rt
butyl p- 1.18 - 1.56 ft
pentyl p- 2.05 n - h e p t a n e ^  A
methyl ra- 9. 18 wa te r H
ethyl m- 8. 15 t
propyl m- 4. 92 tf
butyl m- 2 . 7 2 ft
pentyl m- 1. 83 n-heptane^
propyl o- 3.48 wate rH
butyl o- 4.59 n - h e p t a n e ^
pentyl o- 5.05 tf
* w a t e r H denotes water saturated with n-heptane
^ n-heptane^ denotes n-heptane saturated with water
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The concentrations of each compound were prepared 
in water saturated with n-heptane with the exception 
of pentyl p-, butyl o- and pentyl o- esters. These 
were prepared in n-heptane saturated with water 
because of their low aqueous solubility.
Measured volumes of such solutions were mixed with 
measured volumes (usually equal) of the opposing phase 
in 25 ml stoppered flasks (approximately 18 number per 
run), shaken vigorously for 5 minutes and then 
thermostatted at the required temperatures (± 0.1 K) 
for 18 hours.
Both phases were sampled, (the aqueous phase 
sampled first for half the batch per run, the 
n-heptane layer sampled first for the other half of 
the batch), diluted as appropriate with the relevant 
solvent (saturated) and analyzed by ultraviolet 
detection (Perkin-Elmer 200 U.V./Visible
Spectrophotometer or Perkin-Elmer 551 U.V./Visible 
Spectrophotometer).
Solutions of all the compounds in each solvent 
(appropriately saturated) were used to construct 
calibration curves (solubility permitting) for U.V. 
spectrophotometric measurement of concentrations at a 
^max per table 2 (ambient temperature).
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i ^ ---' m a x— J
in Solution
Ester
Series
^roax(nm) 
water"
^max ^max(nm) 
n-heptane”
^max
P- 256 15383 246 15792
m- 237 7762 234 7736
o- 238 6919 238 8872
C ) Results
The partition coefficients for each compound were 
calculated in mole fraction terms. (The mole fraction 
scale is preferred for thermodynamic partition 
coefficients. It has freedom from density effects.)
The mean values of the partition coefficients as a 
function of temperature for each compound are shown in 
table 3 .
The graphs of In Kj) versus (van’t Hoff) for
the compounds as listed in table 3 are illustrated in
f i gures 2 to 1 1 .
The correlation coefficients, gradients and
intercepts obtained by linear regression analysis of
these graphs are shown in table 4.
Table 5 lists the values of AH^r derived from the
gradients above (since gradient = -AH^r)* together
R
with the values of AG^r and AS^r calculated at 298.15K
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from standard relationships;-
AGtr = "HT In Kd 
AGtr = AHtr" ^AStr
(6)
(7)
The incremental value for AGtr» ascending each 
homologous series i.e. AAG per methylene unit, are 
also reported in table 5.
Tab le 3 : Mean Values of Ln Kn as a Function of
Temperature
Ester T(K) In
methyl p- 298.05 -1.27±0.12
298.35 -1.35±0.04
298.95 -1.24±0.04
303.00 -1.17±0.07
303.15 -1.08±0.03
307.55 -0.92±0.05
313.15 -0.92±0.05
a Xo/x*
^ The standard deviation of the means of
approximately 18 observations are also shown, 
y Run batches achieving <90%, >110% recovery of
initial compound weight distributed between the 
two phases were discarded.
Tab le 3 (con td .)
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Ester T(K) In
ethyl p-
propyl p-
butyl p-
298.35 0.04±0.05
298.85 0.07±0.06
299.05 0.00±0.03
302.65 0.19±0.03
309.10 0.31±0.04
312.80 0.47±0.06
313. 15 0.43±0.04
299.05 1.55±0.07
300.05 1.36±0.10
302.85 1.63±0.06
303.70 1.22±0.03
308.80 1.81±0.03
313.45 1.87±0.04
313.55 2.01±0.06
300. 10 2.75*0.04
300.75 2.73*0.02
303.45 2.89*0.06
303.60 2.80*0.02
309.00 2 .8 6*0.02
309.35 3.03*0.04
313.95 2.80*0.02
318.35 2 .8 8*0.01
319.45 3.14*0.01
Tab le 3 (contd.)
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Ester T(K) In
pentyl p- 300.40 4.30*0.02
304.30 4.41*0.01
308.85 4.47*0.03
314.05 4.50*0.02
318.75 4.92*0.01
methyl m- 298.30 -0.61*0.04
303.70 -0.64*0.07
308.35 -0.33*0.03
314.70 -0 .2 0*0.02
ethyl m- 299.15 0.81*0.03
302.95 0.87*0.02
308.85 1 .12*0.02
314.05 1 .0 2 *0.02
318.25 1.18*0.01
propyl m- 295.65 2.36*0.11
298.25 2.00*0.14
302.65 2.18*0.05
307.20 2.37*0.06
312.85 2.31*0.04
butyl m- 295.35 3.69*0.05
303.25 3.80*0.02
309.05 3.87*0.01
313.60 3.94*0.01
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Tab le 3 (con t d . )
Ester T(K) In
318.25 4.04*0.08
pentyl m- 288.15 5.24*0.16
303.25 5.39*0.07
308.70 5.23*0.10
316.85 5.51*0.07
Figures 2 to 11: Graphs of In Kj) versus
Tab le 4 : Values of the
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Gradient, Intercept and
Correl at i on Coefficient derived from Plots of Ln Kp
versus 1/? for Hydroxybenzoate Esters
Ester Gradient Intercept Correlat ion
Coef f i ci ent
methyl p- -2639 7.57 -0.932
(±1176) (±3.88)
ethyl p- -2629 8.85 -0.985
(±533) (±1.75)
propyl p- -3598 13.41 -0.794
(±3164) (±10.35)
butyl p- -1148 6.60 -0.658
(±1174) (±3.81)
pentyl p- -2732 13.36 -0.889
(±2584) (±8.36)
methyl p- -2652 8.22 -0.918
(±3489) (±11.4)
ethyl m- -1724 6.59 -0.894
(±1591) (±5.158)
propyl m- -725 4.63 -0.348
(±3593) (±11.85)
butyl m- -1401 8.42 -0.991
(±340) (±].ll)
pentyl m- -656 7.50 -0.651
(±2319) (±7.64)
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Tab le 5 : Values of the Derived Thermodynamic
Parameters, AGtr, AHf.,, AStr and AAG for the
Transfer of Hydroxybenzoates f rom WaterH to n-HeptaneW
at 298.15 K
Ester -AHtr 
(kJ mol ]
-AGtr,
) (kJ mol-1 ) (J
AStr 
K 1 mol
A AG 
-1) (kJ mol-1
methyl p- -21.94 
(±9.78)
-3. 17 63
4.06
ethyl p- -21.86
(±4.43)
0.89 76
2.46
propyl p- -29.91
(±26.31)
3. 35 112
3.47
butyl p- -9.54
(±9.76)
6.82 55
3.60
pentyl p- -22.71
(±21.48)
10.42 111
methyl m- -22.05
(±29.00)
-1.05 68
3.66
ethyl m- -14.33
(±13.23)
2.01 55
3.46
propyl m- -6.03
(±29.87)
5.47 39
3.77
butyl m- -11.65
(±2.83)
9.24 70
3.89
pentyl m- -5.44
(±19.93)
13. 16 26
Figures 12 to 17 show the plots of AH^r» -^^tr 
AS^r derived from the experimental data as a function 
of side chain length for the p- esters and m- esters.
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Figure 18 is the AH^r/AG^r plane compensation plot 
for the p-hydroxybenzoates.
Figure 19 is the compensation plot for the 
m-hydroxybenzoaies.
7. DISCUSSION
Plots of in Kj) versus /^-p demonstrated temperature 
dependence of In Kp values. These observations have 
an obvious bearing on the use of partition data in 
Hansch type analyses for example. Little or no
attention is paid to the discrepancy between the 
temperatures of partition experiments and the 
temperatures of biological observations.
The plots of In Kp versus 1/T show varying degrees 
of scatter of the experimental data, particularly in 
the case of the butyl p- ester. This may be the 
consequence of experimental errors (up to ±10% for 
shake-flask determinations of Kp are reported in the 
literature) and/or a result of temperature dependence 
of AH^f-. Also, it was noted here that the rate of 
dissolution for the butyl p- ester in water^ was 
comparatively slower than that for the lower 
homologues when preparing the stock solutions for the 
partitioning studies. (Additional experiments failed 
to improve the correlations.)
Direct AH^r assessment via caloriraetric 
experiments was undertaken (see chapter 4) in part due
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to the theoretical assumptions associated with the 
van’t Hoff technique and additionally as a consequence 
of the poorly reproducible data sets reported in this 
chapter.
No partitioning data is given i) for the higher 
homologues (hexyl and above) of either the p- or m- 
series or ii) for any member of the o- series.
i) Inspection of the partitioning data obtained for 
methyl to pentyl homologues (of the p- and m- series) 
indicated that the Xo/%^ for higher members would have
relatively large Xq contributions, assuming a regular 
trend. With %o/x^ thus weighted, the ratio registered
would be governed, in part, by the particular 
concentrations used for each study. Significant x^ 
readings could not be obtained at these levels. It 
was not possible to raise the concentration levels in 
the initial stocks to bring the aqueous concentration 
(after partitioning) to levels measurable by U.V., a) 
because of the limits of Henry’s law and b) due to 
practical solubility limits of some compounds in 
either phase. (Some solubility data is reported in 
chapter 3.)
ii) Similarly, o- compounds did not give significant 
Xy^  readings and hence it was not possible to assess 
partition values for these compounds.
However, since the In Kp data obtained showed 
overall agreement, in order of magnitude, for each
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ester data set, regression analysis on the van’t Hoff 
plots was implemented to obtain comparative AH^r 
values. The In Kp data was manipulated to obtain AG^r 
and AS^r"
AH^r f oi' the p- series showed oscillation after 
carbon number two, a pattern parallelled by the AS^r 
values. The AG^r values generally decreased with 
carbon number of the side chain (a linear free energy 
relationship). Regression analysis of AG^r versus 
carbon number gave a gradient of -3.31 kJ raol~^, 
corresponding to an average incremental increase in 
AGtr per methylene group. Closer inspection of the 
AGtr data indicated a break in the line at carbon 
number 4. AAG values showed oscillation of increment 
per methylene group with a break in the trend at the 
butyl derivative.
AHtr f or the m-hydroxybenzoate esters generally 
decreased with carbon number, showing a break in this 
trend at the butyl derivative. AS^r values decreased 
with carbon number but showed a marked outlier at the 
butyl derivative. AG^r again demonstrated a linear 
free energy relationship with carbon number. The 
gradient was -3.68 kJ mol'l per methylene group. 
There was no indication of AG^r showing a break at 
carbon number 4 unlike the p- esters. However AAG 
values again showed oscillation. It was noted that 
the AGtr methylene group value calculated by Aveyard
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and Mitchell 109,110 for distribution of a series of 
alkanols and alkanoic acids between water and 
hydrocarbon solvents was -3.3 kJ mol“l, a value very 
similar to those obtained above.
Such breaks in trends and oscillation are not 
unique. For example, Beezer and Hunter^S have
demonstrated oscillations in some L.F.E.R.’s derived 
from partition coefficients of phenols between 
octan-l-ol and water. Hofstee has also demonstrated 
similar activity patterns for an homologous series of 
n-fatty acid esters as substrates for pancreatic 
esterases 11 1, horse liver esterasell^ and serum
chol inesterasel 12. For example, in the case of the 
pancreatic esterases the maximum reaction rate
patterns of both enzymes showed oscillation between 
odd and even numbered carbon chains. Additionally, 
lowering the substrate concentration did not change 
the activity pattern of one enzyme. But for the other 
under investigation, a shift of the maximum from the 
C5 to longer chain compounds occurred. Versus serum 
cholinesterase, an increasing trend in esterolylic
activity of serum by calcium at different
concentrations breaks, for all concentrations, at 
carbon number 5 into an oscillating pattern.
The AHtr/AGtr compensation plot for the p-hydroxy- 
benzoates showed oscillation throughout the data. The 
AHtr/AGtr plot for the m- esters in contrast showed a
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linear trend with carbon number, with the butyl 
derivative an outlier to the trend. The compensation 
temperature assessed from the m-data set (except the 
butyl derivative) was 2 K (correlation was poor,
0.85). The limited data set made it difficult to 
conclude that a systematic correlation between 
structure and partitioning behaviour existed, although 
this may be the case.
150
Chapter Three: SOLUTION PROPERTIES OF
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1. INTRODUCTION
The previous chapter demonstrated evidence of 
break-points in partitioning behaviour of
hydroxybenzoate esters, in particular the p-series. 
These break-points may result from anomalies in 
property trends throughout the series, and therefore 
it is necessary to investigate in greater detail the 
solution properties of the p- esters.
The solution process of a compound in a solvent
system is controlled by the nature of the
compound-compound, solvent-compound and
solvent-solvent interactions. Compound-compound
interactions may be manifest as variations in melting 
points and enthalpy of fusion properties. 
Solvent-compound interactions may be investigated as 
limiting solubilities in the relevant solvent systems, 
surface tension and density measurements on solutions 
of the compound in each solvent, enthalpy of solution, 
Gibbs function measurements for the solution process, 
and the entropy of solution. Solvent-solvent
interactions are governed by the nature of the solvent 
itself. In the case of a partitioning system, the 
interaction of the two solvents of the system, e.g. 
mutual solubility, will affect the behaviour of the 
compound within that system. Also, the kinetics of
partitioning will also play an important role in 
governing the attainment of such an equilibrium state.
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This 
sections: 
Part One:
Part Two:
Part Three:
Part Four:
chapter is divided into the following
Determination of Melting Ranges and 
AHfusion For p-Hydroxybenzoate Esters 
Study of the Limiting Solubilities of 
p-Hydroxybenzoate Esters in Aqueous, 
Organic and Mixed Solvent Phases 
Density and Surface Tension Measurements 
on a Range of Concentrations of 
p-Hydroxybenzoate Esters (Aqueous and 
Organic Phases)
Estimation of ACgoln For p-Hydroxy- 
benzoate Esters in Aqueous and n-Heptane 
Phases
Investigation into the Kinetics of 
Partitioning p-Hydroxybenzoate Esters 
between Water^ and n - H e p t a n e ^ .
2 . PART ONE: DETERMINATION OF MELTING RANGES AND
AHfusion f o r p-HYDROXYBENZOATE ESTERS 
It is useful to establish the nature of the solid 
phase (in equilibrium with the solution) via its 
temperature of melting range and AHf^sion» (AHf).
When a pure crystalline solid is heated a 
temperature is reached at which the solid changes 
sharply into liquid; this is known as the melting 
point, and it has a definite value depending' on the
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external pressure. The process of fusion (or melting) 
is accompanied by an absorption of heat, the enthalpy 
of fusion. For a drug which is a solid the crystal 
lattice energy opposes the dissolution process,
-logX = logXideal + 2og y (1)
AHf(Tm-T)
2.3RT^T ^
where,
Tjj, = melting point, and 
AH f = enthalpy of fusion, and
T = temperature
Inspection of equation 2 reveals that anomalies in 
melting points and AHf trends will influence the trend 
in solution properties for an homologous series.
The melting ranges for the p-hydroxybenzoate 
esters were assessed for this study using a hot-stage 
melting point apparatus. The results are listed in 
table 1. AHf values for the compounds were obtained 
using a differential scanning calorimeter,
Perkin-Elmer D.S.C.IB, (see section A).
It was noted that melting point data for some 
p-hydroxybenzoat e esters appear in the
literature^, and the enthalpies of fusion for 
compounds of carbon number 1-4 have been reported^l^ 
as lying on a smooth curve.
(It was noted that van Oort and White^^^, have
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presented a new plotting technique (the SvT plot) 
which allows estimation of the entropy of fusion or 
transition of homologous long-chain n-alkyl 
derivatives given the temperature of fusion, or 
solid-solid phase transition. This method of plotting 
allows estimation of the entropy (and enthalpy) of
fusion of a homologous series containing n-alkyl
chains, given their melting points and thermodynamic 
data for two representative derivatives. The paper 
considers odd and even members of a series of
n-alkanes (with more than 6 but less than twenty 
carbons in the side chain).)
A) Description of the Perkin Elmer D.S.C.IB
The operation of the D.S.C.IB is based upon the
temperature control of two similar sample holders in 
the sample holder assembly, see figure 1. A block 
diagram of the instrument system is shown in figure 2 . 
figure 1: Sample Holder Assembly
Reference holder
Sample holder
Assembly base plate 
Mounting plate
Sample assembly 
holder
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figure 2; Block Diagram of D.S.C.IB
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The system consists of two separate control loops, 
one for average temperature control and the second for 
differential control. In the average temperature loop 
a programmer provides an electrical signal which is 
proportional to the desired temperature of the sample 
and reference holders. The programmer temperature 
information is relayed to the recorder temperature 
marking pen and appears as the abscissa scale marking. 
The programmer signal is compared with the average 
signal from platinum resistance thermometers 
permanently embedded in the sample and reference 
holders. The resultant difference signal is amplified 
in the average temperature amplifier. If the
temperature called for by the programmer is greater 
than the average temperature of the sample and
reference holders, more power will be fed to the
heaters of both sample holders, which like the
resistance thermometers, are embedded in the holders. 
If the average temperature is higher than that 
demanded by the programmer, the power to both heaters 
will be decreased. In this way, the average
temperature of the holders is made to track the
command from the programmer.
In the differential control loop, signals 
representing the sample and reference temperatures, 
measured by the platinum resistance thermometers, are 
fed to a circuit which determines whether the
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reference or sample temperature is greater. The 
differentia] temperature amplifier output will then 
proportion a small increment of power between the
reference and sample heaters in such a way as to 
correct any temperature difference between them. This 
is done by increasing the power to one while 
decreasing the power to the other. A signal
proportional to the differential power is also 
transmitted to the main recorder pen. The integral of 
the resulting peak is the internal energy change. The
direction of the pen excursion will depend upon
whether more power is required in the sample or 
reference heater.
The circuits which control the temperature scan 
and allow the operator to position and zero the 
baseline are located in the control unit. In
addition, this unit contains the differential and 
average temperature amplifiers and an attenuation 
circuit for range control. The analyzer contains the 
thermostatically controlled sample holders. It also 
contains controls for calibrating the system using
standard samples with known transition temperatures 
and the plumbing required for controlling the 
atmosphere surrounding the sample holders,
i) Operat iona 1 Cpntrols
The slope control, a ten-turn precision 
potentiometer corrects the slope of the baseline by
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adjusting the power applied to the heater of each 
sample holder. The control compensates for
differences in heat dissipation characteristics of the 
sample holders.
The r_an^e control, an eight position selector 
switch, permits selection of a full scale pen 
deflection.
The .^rjp potentiometer permits setting of the 
baseline anywhere on the chart.
Scan speed °C minute"^, selects one of eight 
available scan speeds and is calibrated in degrees 
centrigrade per minute.
The increase/neutra 1/decrease _t p_g_g le swi t ch causes 
the average temperature to increase or decrease at the 
selected scan speed. (The switch is placed in the 
neutral position for isothermal operation.)
The temperature three di git mechanical cou iit er_ _a n d 
control knob indicates the actual temperature in in
the upper temperature range (c.f. actual temperature + 
100° in the lower temperature range). The control 
knob is mechanically connected to the counter and 
program potentiometer. The sample pan temperature can 
be set manually when the toggle switch is in neutral.
The average temperature indicator lamp lights when 
the temperature programmer is in control of the 
average sample pan temperature.
Temperature Calibration : Average : Calibrates the
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program temperature against known melting temperature 
standards. Dif f erential : Compensates for small
differences between sample and reference sensor 
resistances.
ii) Optimization of Slope
The slope was optimized over the temperature range 
and scan speed used for the experiments, adjusting the 
slope control to counteract any baseline drift.
iii) Temperature Calibration
The differential and average temperature 
calibration was carried out in accordance with the 
manufacturer’s instructions.
i V) Interpretation of Data: Energy of Transition
The measurement of the area under a peak provides 
a direct basis for calculation of transition energies. 
This area is converted to joules via the area of a 
peak of a fusion transition of a known weight of pure 
material of known heat of fusion (indium). If both 
the sample and standard are run at the same chart 
speed and range setting, then equation (3),
heat of fusion x weight of x sample
joules _ of standard________ standard______peak area
(sample standard fusion peak area
transition)
(3)
When the sample is run at a range setting or chart 
speed different from those used to run the standard,
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the following equation (4) must be employed,
fheat of fusion x weight of x sample x
joules _ lof standard_________ standard______ peak area
(sample fstandard fusion x chart speed x
transition) I peak area for sample
chart speed x range setting!
of standard______ for sample J , . .
range setting! 
for standard J
Transitions may be endothermie or exothermic. The 
change in power required to maintain the sample holder 
at the same temperature as the reference holder (i.e. 
its programmed temperature) during the transition is 
the differential power and is recorded as a peak. The 
chart abscissa indicates the transition temperature, 
and the peak area indicates the total energy transfer 
to or from the sample.
Any thermal transitions in a material placed in 
the reference holder also appear' on the recording, but 
in the opposite sense to those occurring in the sample 
holder.
V ) Samples
Tweezers were used throughout to handle the sample 
pans and lids.
The aluminium pans and lids were heated under 
vacuum at 600°C overnight to remove surface deposits 
and to improve maleability for better pan sealing.
A weighed sample was placed in the pan and a lid
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crimped onto the pan using the crimper provided. The 
bottom of the pan was rubbed gently across a sheet of 
clean paper on the plate of the crimper. This ensured 
that the bottom of the pan was flat and gave maximum 
contact surface between the pan and sample.
A blank pan was placed in the reference holder and 
the pan containing the sample placed in the sample 
holder. Each run was started from approximately 10° 
below the expected temperature of melting. A nitrogen 
purge was used throughout.
For low temperature work (below 50°C) it was 
necessary to use a low temperature cover, filled with 
cardice/acetone.
V i ) Experimen t aI Operating Conditions
Sample weights used varied between 0.75 rag and 
3.50 m g .
Range 4
Scan Speed 4° min“^
Chart Speed 2 0 mm min'^
10 mm min"]
B ) Res uIts:
Table 1 gives the melting range data for the p- 
series of hydroxybenzoate esters.
Table 2 gives the -^Hf^gion data obtained for the 
p- series of esters.
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Table 1: Melting Ranges of a Series of p-Hydroxy-
benzoate Esters
C orapoun d Melting Ranges (K)
methyl 400.65 - 403.65
ethyl 389.15 - 390.15
propyl 370.15 - 372. 15
butyl 342.65 - 346.15
pentyl 309.65
hexy 1 326.15 - 326.65
hepty1 319.65 - 321. 15
octyl 324.15 - 325.15
decyl 328.15 - 328.65
dodecy1 315.65 - 316.65
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Table 2; for a Series of p-Hydroxybenzoate
Esters
Compound AHfusion mol 1)
methyl 27.52
ethyl 28.52
propyl 28. 39
butyl 29.10
pentyl -
hexyl 19.98
hepty 1 18.39
octyl 29.82
decyl 46. 82
dodecyl 14.36
C ) Discussion
Inspection of the melting range data obtained for 
this p- series of homologues indicated a change in 
trend at carbon number n = 5, and possibly at n ~ 10.
The methyl to pentyl compounds showed a general 
decrease in melting range. The melting range for the 
hexyl compound was higher than the pentyl compound, 
and thereafter oscillation in melting ranges occurred. 
The melting range obtained for the dodecyl compound 
was lower than expected from the previous oscillating 
trend (315 K instead of ~ 328 K). This may have been
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an indication of another break in trend for the 
series.
All the ^Hfusion values obtained were large and 
positive. Therefore the breakdown of intermolecular 
bonds prior to dissolution requires significant heat 
input.
Similar values were obtained for the first four 
members of the series. The hexyl and heptyl
derivatives also had similar values but they
were lower than those obtained for the earlier 
members. There appeared to be a break in the AHfygion 
data at n ~ 4 carbons in the side chain. The octyl 
compound was similar to the values obtained
for the four early members of the series. The 
increase in values appeared to continue to the decyl 
homologue. (The increases in AHfygign from the heptyl 
through the octyl to the decyl compound were noticably 
large, an increase of 28 kJ raol"^ overall.) Then came 
an extremely significant drop. AHfygion for the
dodecyl ester was determined to be ~ 14 kJ mol“ ,^ only 
half the value obtained for the earlier members of the 
sei-ies (n = 1-4).
Two breaks in solution behaviour were indicated 
from these values: at n ~ 4 and n - 10. (^^^fusion
pentyl ester was not assessed. A satisfactory
determination was not possible due to the nature of 
the trace obtained. At the melting point of the
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compound there was a small shift in baseline 
indicating a change in heat capacity for the system, 
but no discrete endotherm was obtained.)
3. PART TWO; STUDY OF THE LIMITING SOLUBILITIES OF 
P-HYDROXYBENZOATE ESTERS IN AQUEOUS, ORGANIC AND 
MIXED SOLVENT PHASES
SURFACE TENSION AND DENSITY MEASUREMENTS OF A 
RANGE OF CONCENTRATIONS OF p-HYDROXYBENZOATE 
ESTERS (AQUEOUS AND ORGANIC PHASES)
Next in the solution process a drug molecule is 
removed from its surrounding drug molecules, a cavity 
is formed in the solvent large enough to accommodate 
the drug molecule, and the drug molecule is inserted 
into the solvent cavity. The size of the cavity 
required to accommodate the solute dictates the degree 
of disruption of the solvent structure. Solution 
properties such as cavity terms have been correlated 
successfully with partition datall6,117, It is
possible to assess the degree of disruption of the 
solvent system via surface tension and density 
measurements (for example, density measurements have 
been used to indicate changes in association of 
hydrogen bonded s y s t e m s H ® »^^^). This study was
extended to include surface tension and density 
measurements for p-hydroxybenzoate esters in a range 
of aqueous and organic solutions. Thermodynamics of
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the solution process may also be assessed (limited 
data appears in the literaturell4,120). The
solubility depends on the temperature, increasing or
decreasing with a rise in temperature, depending on
whether dissolution is endo- or exothermic
respectively. The In form of the van’t Hoff isochore
may be written (equation 5),
~^^s o1n
InS = --- ^ -- + c (5)
where,
S is the solubility (quoted often in units of 
molality),
T is the temperature in K and,
AHsoln ( mol"l) is the enthalpy of solution.
AHgoln thus be determined from a knowledge of
S at different temperatures. (The integration 
assumes AHgo^n f° be independent of 
temperature).
Alternatively, AHgoi^ can be measured directly via 
solution calorimetry. This method is reported in 
chapter 4.
The Gibbs function for the solution process may be 
obtained from solubility measurements using the 
standard thermodynamic expression (equation 6 ),
AGsoln = -RT In Xs (6 )
where,
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Xs is the saturation solubility expressed in mole 
fraction terms.
AGsoln thus calculated would form a complementary 
thermodynamic data set to AHgQin obtained by direct 
calorimetric measurement and permit calculation of 
ASgoin thereby completing the set of thermodynamic 
descriptors for the solution process.
Therefore, an investigation was undertaken in 
which solubility properties of the p-hydroxybenzoates 
in aqueous and organic phases were measured. (Limited 
data appears in the 1i t e r a t u r e ^ »^21,122_) The study 
was extended to measurements of solubility of the p- 
esters in water/alcohol systems where the alcohol 
cosolvent was varied systematically.
Inspection of data in the literature indicates 
both regular and broken trends for solubility. 
Alexander, Mauger, Peterson and Paruta^^^ have 
reported the solubility of methyl through to n-butyl 
p-hydroxybenzoates determined in a wide polarity 
spectrum of normal aliphatic alcohols (over a limited 
temperature range). Smooth curves were obtained for 
plots of solubility of the substances as a function of 
the carbon number of the alcohol used.
Also, Yalkowsky, Valvani and Amidon^^^ reported 
breaks in the mole fraction solubilities of alkyl 
p-aminobenzoates studied in a series of solvents 
including water. These breaks were reported for pure
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solvent systems and mixed solvent (cosolvent) systems, 
and were rationalized as due to a change in the type 
of crystal structure on going from the lower to the 
higher homologues.
Similarly, Beezer, Volpe, Lima and Hu n t e r ^ ^ O  have 
demonstrated sharp breaks in solubility of m-alkoxy 
phenols in water/alcohol systems, each solute breaking 
into two linear sections. The initial linear sections 
showed that solubility was equal to that in water for 
m-methoxy phenol in water/alcohol systems up to 
water/butanol; for m-ethoxyphenol up to water/pentano1 
and for m-propoxyphenol up to water/hexanol.
A) Limiting Solubility Measurements; Experimental
Small-scale filtration devices, as designed by 
Molyneuxl24| were used for the solubility studies. 
Each device has a capacity of 10-30 ml and is based on 
a piston-filter effect. It comprises two concentric 
glass tubes connected by a screw cap with a sliding 
outer plate fused to the bottom (figure 3). 
figure 3; Diagram of Filtration Device
Sinter plate
\
Outer ube
Sealing
ring
Sliding 
joint
L
— n /
PTFE Screw cap 
cap 
liner
Inner tube
170
The devices were used in an ’upstroke’ transfer
mode of operation, the most efficient mode as reported
by the designer.
i) Method of Operation for Filtration Devices
The sliding joint was loosened and the inner tube 
moved down until the sinter rested just above the base
of the outer tube. The joint was adjusted to a
sliding fit.
A small quantity of compound was packed between 
two glass wool plugs to prevent it floating inside the 
inner tube.
The liquid required (approximately 10 ml maximum ) 
was placed in the tube. The inner tube was moved up 
inside the outer tube (causing a reduction in pressure 
in the latter) until approximately half of the liquid 
had been drawn through the sinter. Any solid was 
retained above the sinter. The joint was loosened so 
that the pressure differential was lost. The inner 
tube was returned to its lower position. The sliding 
joint was adjusted to a sliding fit and the inner tube 
capped. The device was therraostatted in a water bath 
for 24 hours. The cap on the inner tube was released 
and the inner' tube raised inside the outer tube. It 
was locked in position using the sliding joint. The 
pressure differential automatically transferred the 
liquid. The sliding joint was loosened and removed 
along with the inner tube. The liquid was diluted as
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appropriate for U.V. analysis.
B ) D.M.A. 55 Calculating Density Meter
The D.M.A. 55 Digital Density Meter simplifies the 
accurate determination of the density of liquids (and 
gases).
The measuring principle of the instrument depends 
upon the variation of the natural frequency of a 
hollow oscillator filled with different liquids or 
gases. The mass, and thus the density of the liquid
or gas changes this natural frequency due to gross
mass change of the oscillator caused by the 
introduction of the liquid or gas. The oscillator 
consists of a hollow elastic tube made of glass which 
is electronically excited in an undamped fashion. The 
direction of the oscillation is perpendicular to the 
plane of the U-shaped sample tube.
The frequency of the oscillator is only influenced 
by that fraction of the volume of liquid or gas which 
is actually in the vibrating part of the sample tube. 
It is essential to ensure that the oscillator (sample 
tube) is completely filled but it is of no consequence 
if the oscillator overflows. Since the vibrating
volume is always inherently defined it is not
necessary to carry out a separate determination of 
vo 1 unie .
p = i (t 2 - B) (7)
A
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where,
p is the density,
A and B are apparatus constants, and 
T is the inverse of the oscillating frequency.
The apparatus constants may be determined from two 
calibration measurements of two samples of known 
density (e.g. water and air), and stored in the 
instrument’s memory. The density, p, of the sample is 
calculated by the built-in microcomputer according to 
the above equation (7) and is displayed digitally, 
i) Design of the Instrument
The oscillator (sample tube) is made of glass 
(Duran 50) and is mounted in the centre of a double 
walled cylinder which is fused at both ends and filled 
with a gas of high thermal conductivity. A
thermostatically controlled liquid flows between the 
outer and inner wall of this cylinder. This design 
permits temperature equilibration in the shortest 
possible time. The U-shaped tube is filled with a 
dark liquid for contrast. In the centre is an
additional capillary which permits insertion of a 
temperature sensor. This capillary has a very thin 
wall (0.1 ram) for fast temperature transfer.
The glass cylinder is rigidly supported inside a 
metal cylinder which in turn is rigidly mounted on a 
heavy metal block representing the counter mass for
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the oscillator. The metal cylinder is provided with a 
cutout to observe the sample tube filling when the 
window on the front plate is lifted. A built-in pump 
provides a stream of filtered air to dry out the 
sample tube after cleaning.
The electronic part of the instrument provides for 
excitation of the oscillator (sample tube) in correct 
phase relation at constant amplitude. In addition, it 
contains a crystal controlled timer for the 
measurement of the period of the oscillator and a
microcomputer with the necessary input/output devices.
On the rear panel there are water inlet and outlet
connections for an ultrathermostat. Before commencing
measurements the thermostat was connected and operated 
for some time to ensure temperature equilibrium for 
accurate measurements. (A recirculating
ultrathermostat with an accuracy of ± 0.01°C is to be 
preferred, and the flow rate should amount to a
minimum of 6 ml minute"^.)
i i) Operation
The apparatus constants A and B were determined in 
accordance with the manufacturer’s instructions.
Samples as required were injected, and the 
corresponding density measurement read directly from 
the digital display.
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C ) Surface Tension
The most widely used technique for the 
determination of surface tension is the torsion
balance method. It is rapid, simple and has an 
accuracy up to ± 0.25%.
The method depends essentially on the 
determination of the force required to detach a
circular ring of platinum wire from the surface of a 
liquid with an angle of contact of 0°.
The shape of the liquid in contact with the water 
is determined by the surface tension and density of
the liquid and the radius of the ring (R' ) and the 
wire (r). A simplifying assumption is that the ring 
holds up a hollow cylinder of liquid with vertical 
walls of radii R and R' + 2 r (figure 4). Thus the
total pull, P, (which is equal to the weight of liquid 
(mg) suspended) is (equation (8)),
P = 2nR'y + 2ny(R' + 2r)
= 477y(R ' + r) = 4nyR (8)
where,
H is the mean radius of the ring.
A du Nouy torsion balance was used to determine 
surface tension values in this study.
All surface tension measurements were made in an 
enclosed box at room temperature, T = 20.00°C.
The internal diameter of the surface tension ring
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was 12.00 mm. The diameter of the wire of the ring
was 0.31 mm. Therefore, R, the mean radius of the
ring = 6.15 mm.
figure 4: Principle of the Determination of Surface
Tension by the Torsion Balance Method
D) Results
Tables 3 and 4 summarise the limiting solubility 
data, density, and surface tension measurements 
obtained from a series of dilutions of named p- 
compounds in mutually saturated solvent systems at 
15.50°C. The highest concentration listed for each 
compound corresponds to the limiting solubility of 
that particular solute in the given solvent system.
It was necessary to measure solubility at 15.500C 
to prevent "oiling out" of the pentyl p-hydroxy- 
benzoate in either phase. The solubilities of the 
remaining compounds were assessed at this temperature 
to permit direct comparison of results.
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Table 5 lists the solubility limits at 298.15 K 
for p-hydroxybenzoate esters in a series of 
alcohol/water cosolvents. These results are
represented graphically in figures 5 to 12.
for a Series of p-Hydroxybenzoate Esters in WaterH
to
Concentration Density Surface
Compound (moldm"3) (g c m - 3) Tension (Nrv*
@ 2 8 8 . 6 5  K @ 2 9 5 . 1 5  K @ 2 9 3 . 1 5  K
methyl 1 . 2 x 1 0 - 2 0 . 9 9 7 1 3 7 . 5 1
1 . 2 x 1 0 - 3 0 . 9 9 7 1 1 7 . 7 0
1 . 2 x 1 0 - 4 0 . 9 9 6 3 8 9 . 1 7
3 . 6 x 1 0 - 5 0 . 9 9 6 3 2 9 . 1 4
ethyl 5 . 4 x 1 0 - 3 0 . 9 9 7 2 1 6 . 5 6
5 . 4 x 1 0 - 4 0 . 9 9 6 5 4 8 . 3 2
5 . 4 x 1 0 - 5 0 . 9 9 6 0 1 9 . 2 0
propyl 1 . 9 x 1 0 - 3 0 . 9 9 6 9 8 7 . 2 1
5 . 7 x 1 0 - 4 0 . 9 9 6 6 4 8 . 1 5
1 . 9 x 1 0 - 4 0 . 9 9 6 4 6 8 . 8 9
9 . 5 x 1 0 - 5 0 . 9 9 6 6 5 9.  06
1 . 9 x 1 0 - 5 0 . 9 9 6 0 6 9.  14
9 . 5 x 1 0 - 6 - 9 . 1 1
butyl 1 . 2 x 1 0 - 3 0 . 9 9 7 5 1 5.  63
1 . 2 x 1 0 - 4 0 . 9 9 6 2 1 8 . 4 8
1 . 2 x 1 0 - 5 0 . 9 9 6 2 0 9 . 1 5
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Table 3 (contd.)
Compound
Concentrât ion 
( moldm"3)
@ 2 8 8 . 6 5  K
Density 
( gcm- 3)
@ 2 9 5 . 1 5  K
Surface 
Tension (N) 
@ 2 9 3 . 1 5  K
pent y 1 6 . 1 x 1 0 - 4 0 . 9 9 6 5 9 5 . 4 6
6 . 1 x 1 0 - 5 0 . 9 9 6 4 1 8.  35
6 . 1 x 1 0 - 6 0 . 9 9 6 4 8 9 . 1 4
hexyl 1 . 2 x 1 0 - 4 0 . 9 9 7 7 2 5.  82
1 . 2 x 1 0 - 5 0 . 9 9 6 4 8 8 . 4 8
1 . 2 x 1 0 - 6 0 . 9 9 6 6 9 9 . 0 5
heptyl 6 . 0 x 1 0 - 5 0 . 9 9 6 7 0 5 . 5 1
6 . 0 x 1 0 - 6 0 . 9 9 5 9 1 9 . 0 1
6 . 0 x 1 0 - 7 0 . 9 9 6 5 6 9 . 1 6
octyl 9 . 0 x 1 0 - 6 0 . 9 9 6 3 5 6 . 6 1
9 . 0 x 1 0 - 7 0 . 9 9 6 9 9 9 . 1 9
9 . 0 x 1 0 - 8 0 . 9 9 6 6 1 9 . 1 5
decyl 1 . 2 x 1 0 - 5 0 . 9 9 6 6 1 8 . 4 0
1 . 2 x 1 0 - 6 0 . 9 9 6 9 8 9.  19
1 . 0 x 1 0 - 7 0 . 9 9 6 3 5 9 . 1 6
dodecy1 2 . 5 x 1 0 - 6 0 . 9 9 6 4 8 8 . 4 8
3 . 0 x 1 0 - 7 0 . 9 9 6 2 6 9 . 2 0
3 . 0 x 1 0 - 8 0 . 9 9 6 2 6 9.  16
isobutyl .L 2xlO_-3 0 . 9 9 7 2 0 6 . 0 8
1 . 2 x 1 0 - 4 0 . 9 9 6 5 2 7 . 9 1
1 . 2 x 1 0 - 5 0 . 9 9 6 1 1 9 . 1 5
( w a t e r H ) - 0 . 9 9 6 2 4 9.  24
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for a Series of p-Hydroxybenzoate Esters in n-HeptaneW
Compound
Concentrât ion
(mol dra“3)
@ 288.65 K
Density
(g cm"3)
@ 298.15 K
Surface 
Tension CN) 
@ 293.20 K
methyl 4.2x10-4 0.67936 2.72
4.2x10-5 0.67958 2.74
4.2x10-6 0.67932 2. 70
ethyl 9.0x10-4 0.67930 2.73
9.0x10-5 0.67945 2.69
9.0x10-6 0.67940 2.72
propyl 1 .0x10-3 0.67935 2.73
1 .0x10-4 0.67945 2.69
1 .0x10-5 0.67936 2.70
butyl 3.5x10-3 0.67955 2.73
3.5x10-4 0.67941 2.69
3.5x10-5 0.67936 2.70
pentyl 4.0x10-2 0.67977 2.73
4.0x10-3 0.67930 2. 73
4.0x10-4 0.67933 2.73
1.2x10-4 0.67941 2. 73
4.0x10-5 0.67933 2.74
hexyl 1 _4_xiP_: 2 0.68042 2.73
1 .4x10-3 0.67947 2.72
1.4x10-4 0.67929 2.64
4.3x10-5 0.67929 2.64
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Tab le 4 (contd.)
Compound
Concentrât ion 
(mol dm~3)
@ 2 8 8 . 6 5  K
Density 
( g cm- 3)
@ 2 9 8 . 1 5  K
Surface 
Tension (N) 
@ 2 9 3 . 2 0  K
hept y 1 4 . 7 x 1 0 - 2 0 . 6 8 2 9 8 2 . 7 3
4 . 7 x 1 0 - 3 0 . 6 7 9 6 6 2 . 7 3
4 . 7 x 1 0 - 4 0 . 6 7 9 5 0 2 . 6 5
1 . 4 x 1 0 - 4 0 . 6 7 9 3 0 2 . 6 3
4 . 7 x 1 0 - 5 0 . 6 7 9 3 0 2 . 6 7
octyl 1 . 5 x 1 0 - 2 0 . 6 8 0 6 1 2 . 7 4
1 . 5 x 1 0 - 3 0 . 6 7 9 6 7 2 . 7 3
1 . 5 x 1 0 - 4 0 . 6 7 9 5 9 2 . 6 5
4 . 5 x 1 0 - 5 0 . 6 7 9 4 5 2 . 6 7
decyl 6^3x10-3 0 . 6 7 9 9 3 2 . 7 0
6 . 3 x 1 0 - 4 0 . 6 7 9 3 8 2 . 7 0
6 . 3 x 1 0 - 5 0 . 6 7 9 3 1 2 . 7 0
dodecy1 3 . 8 x 1 0 - 2 0 . 6 8 2 6 0 2 . 7 3
3 . 8 x 1 0 - 3 0 . 6 7 9 7 1 2 . 6 9
3 . 8 x 1 0 - 4 0 . 6 7 9 2 9 2 . 5 8
1 . 1 x 1 0 - 4 0 . 6 7 9 4 7 2 . 6 5
isobuty] 3 . 6 x 1 0 - 3 0 . 6 7 9 6 1 2.73
3 . 6 x 1 0 - 4 0 . 6 7 9 3 3 2 . 6 8
3 . 6 x 1 0 - 5 0 . 6 7 9 4 0 2 . 7 0
(n-heptane^ ) 0 . 6 7 9 2 5 2 . 7 7
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Table 5 :____Sj^ ubility Limits at 298.15 K for
p-Hydroxybenzoate Esters in a Series of Alcohol/Water 
Cosolvent Systems (0.00314 mol dm~3 w.r.t. Alcohol)
Compound Alcohol
Cosolvent
Solubility 
(mol dm'3)
methyl methanol 1 .02x 10-2
ethanol 1.14x10-2
propanol 1.26x10-2
butanol 1 .20x 10-2
pentanol 1.15x10-2
hexanol 1.26x10-2
hep t an o 1 1.34x10-2
octanol 1 .10x 10-2
ethyl methanol 4.86x10-3
ethanol 3.94x10-3
propanol 4.53x10-3
butanol 4.27x10-3
pentanol 4.34x10-3
hexanol 5.25x10-3
heptanol 4.92x10-3
octanol 5.83x10-3
Table 5 (con t d .)
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Compound Alcohol
Cosolvent
Solubility 
(mol dm~3)
propyl methanol 1.52x10-3
ethanol 1.45x10-3
propanol 2.04x10-3
butanol 1.29x10-3
pentanol 1.97x10-3
hexanol 1.58x10-3
heptanol 1.23x10-3
octanol 2.43x10-3
butyl methanol 1 .20x10-3
ethanol 1.86x10-3
propanol 1.44x10-3
butanol 1 . 18x10-3
pen t ano 1 1.08x10-3
hexanol 0.82x10-3
heptanol 0.94x10-3
octanol 1.15x10-3
pentyl methanol 5.12x10-4
ethanol 5.51x10-4
propanol 4.21x10-4
butanol 5.51x10-4
pentanol 5.64x10-4
hexanol 4.60x10-4
heptanol 5.25x10-4
octanol 4.60x10-4
Tab le 5 (contd.)
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Compound Alcohol
Cosolvent
Solubility 
(mol dm-3)
hexyl methanol 3.71x10-4
ethanol 5.01x10-4
propanol 6.31x10-4
butanol 9.56x10-4
pentanol 13.46x10-4
hexanol 9.56x10-4
heptanol 22.56x10-4
octanol 22.56x10-4
heptyl methanol 2.06x10-4
ethanol 1.39x10-4
propanol 2.29x10-4
butanol 1.77x10-4
pentanol 2.03x10-4
hexanol 6.90x10-4
heptanol 11.04x10-4
octanol 7.84x10-4
octyl methanol 1.19x10-4
e thanol 0.85x10-4
propanol 0.67x10-4
butanol 1.58x10-4
pentanol 5.29x10-4
hexano 1 16.40x10-4
heptanol 6 .3 4 x 1 0 -4
octanol 5.74x10-4
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E ) Discussion
The limiting solubilities for the
p-hydroxybenzoate esters in water^ showed decreases of 
a half from the methyl to the pentyl ester. The trend 
was then broken. Hexyl to octyl showed a decrease of 
a fifth, followed by a decrease of a half. Then a 
slight increase in limiting solubility was 
demonstrated by the decyl ester. (Once again the data 
indicated two breaks in solution behaviour for this 
homologous series of esters.) It was noted that the 
isobutyl ester had a comparable limiting solubility in 
waterH to the straight chain homologue.
Surface tension measurements break in trend at 
concentrations from ~ 10~^ mol dm~^ for the lower
members of the series to ~ 10~® mol dm“2. (Above the
critical concentration, the molecules aggregate into 
"micelles" in which the hydrophobic hydrocarbon groups 
are orientated towards the centre with the hydrophilic 
polar groups directed outwards.)
No significance was attached to the minor 
fluctuations in density values obtained.
The limiting solubilities in n-heptane# increased 
until carbon number four. A marked increase at n = 5
was followed by large oscillations until n ~ 10 where
there was a break, with n = 12 limiting solubility
much larger than would have predicted from the
previous trend. Once again the limiting solubility of
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the isobutyl homologue was similar to that of the 
straight chain ester.
Only small variations in surface tension were 
observed over the range of concentrations studied in 
n - h ep t an e W.  No significance was attached to these 
fluctuations nor to the small changes in density.
Comparison of the limiting solubility data with 
the raw data from the partitioning studies (refer 
chapter 2 ) showed that the solubility limit had not
been approached in either phase for any solute.
Inspection of the limiting solubility data for
each homologue in a series of cosolvent systems 
(alcohol/water) showed that each homologue from n = 1
to n = 5 gave oscillating results. (The range of
oscillation concentrations was less pronounced for the 
pentyl derivative.) The data generated did not
indicate any discrete breaks in behaviour such as had 
been demonstrated by Beezer, Volpe, Lima and H unt er ^^ O  
for m-alkoxyphenols.
The solubility limits achieved across the range of 
aqueous alcohol cosolute systems for the 
p-hydroxybenzoate esters paralleled the solubility 
limits of the compounds in water^ until the hexyl 
ester, where upon progressively higher solubility 
limits were achieved in the aqueous alcohol systems, 
(octyl p-hydroxybenzoate 9 x 10“  ^ mol dm~^ in water^; 
general range in alcohol systems, 0.5x10“  ^ - 16x10“^
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mol dm"3).
The alcohols enhanced the solubility in aqueous 
systems of the higher homologues compared to the 
hydrocarbon. (The concentration of n-heptane present 
in aqueous phase was lower than that of the alcohol 
cosolvents.) The presence of the alcohol cosolvent in 
solution appeared to exert an increasing influence on 
limiting solubilities as one ascended the cosolvent 
series (c.f. limiting solubilities in water^ and 
cosolvent systems for each ester). However, direct 
comparison was not possible due to the differing 
nature of the systems involved and the difference in 
temperature at which the two data sets had been 
evaluated.
4. PARX THREE: ESTIMATION OF q j - FOR
P-HYDROXYBENZOATE ESTERS IN AQUEOUS AND 
n-HEPTANE PHASES
A ) Results
The limiting solubilities for the
p-hydroxybenzoate esters in each mutually saturated 
phase were converted into mole fraction terms and used
to calculate ^Gsoln» see table 6 .
For comparison, table 7 lists the limiting
solubilities and ^^soln data for some
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p-hydroxybenzoates in the pure aqueous phase.
Table 6 : Limiting Solubility Data AGg q and AAG
at 288.65 K
Phase Compound
Limiting 
Solubi lity 
(mole fraction)
^^soln 
(kJ mol-1
AAG 
)(kJ mol-1)
waterH methyl 2 . 1 6 9 2 x 1 0 - 4 2 0 . 2 4
ethyl 9 . 7 5 4 x 1 0 - 5 22.16
1.92
propyl 3 . 4 3 0 x 1 0 - 5 24. 67
2.51
butyl 2 . 1 6 6 x 1 0 - 5 25.77
1 . 10
pentyl 1 . 1 0 1 x 1 0 - 5 27 . 40
1.63
hexyl 2 . 1 6 x 1 0 - 6 31. 30
3.90
heptyl 1 . 0 8 x 1 0 - 6 32.96
1 . 66
octyl 1 . 6 x 1 0 - 7 37.52
4.56
decyl 2 . 2 x 1 0 - 7 36.83
dodecyl 5 x 1 0 - 8 4 0 . 5 9
isobutyl 2 . 1 6 6 x 1 0 - 5 25.77
n-heptane^ methyl 6 . 155 x 10 - 5 2 3 . 27
-1. 83
ethyl 1 . 3 1 9 1 x 1 0 - 4 2 1 . 4 4
propyl 1 . 4 6 5 7 x 1 0 - 4 21.19
- 0 . 2 5
butyl 5 . 1 3 0 0 x 1 0 - 4 18. 18
- 3 . 0 1
pentyl 5 . 8 9 9 8 x 1 0 - 3 12.32
-5.86
hexyl 2 . 1 1 5 8 x 1 0 - 3 14.78
2.46
heptyl 6 .9 5 2 9 x 1 0 - 3 11.92
- 2 . 8 6
octyl 2 . 2 0 5 5 x 1 0 - 3 14.68 2. 76
decyl 9 . 2 4 7 8 x 1 0 - 4 16.77
dodecyl 5 . 6 3 0 4 x 1 0 - 3 12.43
isobutyl 5 . 2 7 8 4 x 1 0 - 4 18.11
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Table 7: Limiting Solubility Data AG^q j ^ and AAG
Values for p-Hydroxybenzoates in Water at 288.65 K
Compound
Limiting 
Solubility 
(mole fraction)
^6 goln. 
(kJ mol-1)
AAG 
(kJ mol-1;
methyl 1.8803x10-4 20.59
2 . 08
ethyl 7.890x10-5 22.67
3.18
propyl 2. 103x10-5 25.85
1.43
butyl 1. 159x10-5 27.28
2.03
pentyl 4.96x10-6 29.31
B ) D iscussion
All AGgoin values obtained for the
p-hydroxybenzoates were large and positive indicating 
that the dissolution of the compounds in any of the 
phases studied is unfavourable. This may reflect 
enthalpic or entropie considerations, cavitational 
requirements (including formation of solvation shells) 
and ordering of the resultant solutions.
In the waterH and pure aqueous phases the general 
trend of AGgQ^n is to increase with increasing carbon 
number. (In the former phase there is exception to 
this trend at the decyl compound.) In n - h e p t a n e ^  a 
decreasing trend in ^Gsoln predominated for n = 1 to n 
= 5 members of the series, after which oscillation in
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values is found.
Comparison of the ^GgQ^n data for the p-hydroxy 
compounds in water^ (table 6 ) and for the pure aqueous 
phase (table 7) indicate an increasing influence of 
the n-heptane content by the aqueous phase i.e. the 
difference between the two data sets becomes more 
pronounced as one ascends the series of ester 
homologues.
Inspection of AAG values highlights breaks in 
trends at the pentyl ester. In water^ (and pure 
aqueous) phase(s), AAG oscillates regularly until the 
pentyl ester, shows a continued increase between the 
pentyl and hexyl derivatives, and then oscillates in a 
more pronounced way. In n - h e p t a n e ^ ,  the break in 
oscillation direction occurs after the butyl ester. 
The magnitude of oscillation of AAG values in the 
higher set is more pronounced in the n-heptane^ phase.
5. PART FOUR: INVESTIGATION I.NTO_TRE KINETICS OF
PARTITIONING p-HYDROXYBENZ0ATE ESTERS BETWEEN 
WATERR and n-HEPTANEW
Partitioning may be simply interpreted as a 
reversible reaction in which solute moves to (and 
from) a particular phase until equilibrium is 
established, i.e. where the forward and reverse rates 
are equal.
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The initial concentration of solute in the aqueous 
phase may be denoted as Sgq> (in the organic phase, 
the initial concentration is zero).
k
^aq ^ ^org 
k'
If one assumes first order,
In(xg-x) = InXg -k t (1 0 )
(for a detailed description of reversible reactions 
see referencel25).
If the assumption is correct a plot of In(xg-x) 
versus t should yield a straight line. This was the 
investigative format adopted for the study.
A limited investigation was made into the kinetics 
of partitioning between n-heptane^ and water^ for two 
p-hydroxybenzoate esters, i) to verify that the 
equilibrium state was attained under the experimental 
conditions of the shake-flask studies and ii) to 
determine the kinetic order of partitioning (with 
respect to the solute).
A ) Kj, net ic S t u dy Method
The kinetic study involved sampling at known t i me 
intervals after mixing of two mutually saturated 
phases, one carrying the solute under study, (refer 
partition experiments, chapter 2 .)'"
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The concentration x at time t was determined by 
appropriate dilution of the aqueous phase and 
measurement by U.V. absorbance.
B ) Results
The results of the limited kinetic investigation 
are summarized in table 8 .
Ln(Xg-x) versus t showed approximately linear 
correlation, r > 0.96 for each study.
C ) Discuss ion
The linear correlation of In(xg-x) versus t for 
the p-hydroxybenzoate esters indicated that the 
kinetics of partitioning systems were first order. 
The rate of transfer of p-hydroxybenzoate ester from
the aqueous phase to the organic phase (k) was shake-
rate dependent; it increased by a factor of ~ 10 in a
shaken system. (The shake-rate employed corresponded 
to an arbitary scale of a mechanical shaker.)
cjar\r3rojyy
The temperature effect upon the rate^ of
partitioning was poorly defined by this limited data 
set.
The propyl derivative appeared to transfer much 
faster into the n-heptane^ phase than the ethyl ester. 
However, more extensive study is required before 
confident comments on structure effects can be made.
The limited kinetic study confirmed that 
partitioning equilibrium was attained in the van’l
Hoff studies of chapter 2.
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Table 8 :____Kinetic Data for p-Hydroxybenzoate Esters
Transferred between Water^ and n-Heptane^
Compound Teraperat ure °S hak e -k *
(K ) Rate (s-l;
ethyl *R.T.~295 0 3.5x10-5
ethyl *R.T.~294 4 3 . 2 x 1 0 - 4
ethyl 3 0 0 . 0 5 4 6 . 5 x 1 0 - 4
ethyl 3 0 3 . 7 0 4 2 . 6 x 1 0 - 4
ethyl 3 0 8 . 6 5 4 2 . 7 x 1 0 - 4
ethyl 3 1 3 . 6 5 4 2 . 1 x 1 0 - 4
ethyl 3 1 8 . 3 0 4 4 .  1 x 1 0 - 4
ethyl 294.95 7 6 . 3 x 1 0 - 4
propyl 294.95 7 3 . 5 x 1 0 - 3
^ is defined as the rate^of transfer of the
p-hydroxybenzoate ester from waterR to n- h e p t a n e * .
* R .T . = room t emperature.
^ Shake Rate - arbitary value from dial of
mechanical shaker.
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6 . CONCLUSIONS
The investigation of a variety of solution 
properties of the homologous series of
p-hydroxybenzoate esters indicated breaks in behaviour 
at carbon numbers 4 and 10 of the side chain. Such 
breaks will influence the solution behaviour of the 
compounds relative to one another.
AAGsoln data showed marked oscillations in both 
aqueous and organic phases which may be indicative of 
’’folding” of the side chain in solution.
Additionally, a limited kinetic investigation has 
demonstrated first order kinetics for partitioning 
systems.
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Chapter Four: MICROCALORIMETRIC STUDY OF
PARTITIONING SYSTEMS
1. INTRODUCTION
2. SCOPE OF THE STUDY
3. EXPERIMENTAL
A) Batch Microcalorimetry
i) General Principles 
ii) Experimental Operation 
iii) Treatment of Results 
iv) Results and Discussion
B) Flow, Flow-Mix Microcalorimetry
i) General Principles 
ii) Operation of the Mixing Cell Mode 
iii) Treatment of Results 
iv) Results and Discussion
C) Solution Microcalorimetry
i) General Principles 
ii) Operational Procedure 
iii) Treatment of Results 
iv) Results and Discussion
4. CONCLUSIONS
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1. INTRODUCTION
Since heat evolved or absorbed in the course of a 
reaction is related to the extent of the process of 
that reaction, calorimetry may be used as an 
analytical tool.
It is apparent from the previous chapter that 
direct determination of AH^r values by
microcalorimetry, rather than via van't Hoff methods, 
is to be preferred. These data will then allow a 
satisfactory thermodynamic description of the transfer 
process by combination with AG^r data from partition 
coefficients.
A number of calorimetric arrangements are 
commercially available which permit direct measurement 
of AH^r values. Such systems do not necessitate phase 
separation and therefore equilibrium in a partitioning 
experiment is not disturbed.
A number of investigations have been reported in 
the literature which have used a variety of 
techniques. The following section details a selection 
of tliese studies.
De Lisi, Goffredi and Liveril2G,127 have proposed 
a simple method which allows direct evaluation of the 
thermodynamic parameters for the transfer process 
using the results of calorimetric mixing experiments. 
This batch method was based upon measurement of the 
heat change obtained following prolonged contact of
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immiscible phases. The method required a) solute 
distribution to be complete within the time of 
measurement, and b) reasonable solute solubility in 
both phases.
Mullens, Yperman, Francois and van Pouke^^S have 
reported the simultaneous calorimetric determination 
of equilibrium constants and enthalpy changes 
associated with the formation of hydrogen-bonded 
complexes in dilute solutions of phenol, by 
calorimetric titration.
Binford and Wadso^®^ have determined
calorimetrical1 y enthalpy changes and partition 
coefficients for ch1orpromazine hydrochloride in 
aqueous suspensions of dimyristoyIphosphatidy1cho1ine 
vesicles. Batch and flow techniques were employed.
Riebesehl and Tomlinson^^9 have investigated the 
thermodynamics of transfer for the aliphatic alcohols 
methanol to octan-l-ol from aqueous buffer (pH7) to 
water-saturated octan-l-ol using a flow calorimeter. 
They attached a phase splitting device^^ to the outlet 
port of the microcalorimeter resulting in a novel flow 
microca1 orimetric method for determination of 
enthalpies of solute transfer between immiscible 
solvents.
The authors reported considerable success for 
separation of a variety of binary mixtures. Their 
I'esults indicated that differences in phase density
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were not the reason for phase splitting, but rather 
solvent-solvent and solvent-material works of adhesion 
and cohesion. The method enabled the concentration of 
the solute in the phases to be measured immediately 
after extraction within a flow-mix cell, so that the 
observed heat change could be directly related to the 
amount of solute transferred (assuming first order 
dependence for heat change with solute concentration).
It is also possible to determine values from
extrapolation of AHgoi^ data for the dissolution of 
solutes in two individual solvents. Beezer, Hunter 
and Storey88 constructed a precision microtitration 
system for use with the L.K.B. microcalorimeter which 
enabled direct measurement of the enthalpies of 
solution of a sei'ies of m-alkoxyphenols in water and 
octan-l-ol and mutually saturated solvent systems. 
Such data were used to calculate the enthalpies of 
transfer from one solvent to another. In addition, 
entropy values for solution and transfer processes 
were also calculated by combination with Gibbs 
function of solution data from a solubility study.
2. SCOPE OF THE STUDY
To date considerable success has been achieved in 
the microcalorimetric investigation of AH^r o f
partitioning processes using a variety of techniques. 
The techniques measure the enthalpy of the process
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directly or via extrapolation of two thermal responses 
(as in the case of the solution determinations). 
Therefore the values obtained are considerably more 
reliable than those derived from van't Hoff treatment. 
The latter is subject to sampling errors and 
assumptions concerning AHtp. Additionally,
extrapolation of l/<p to 0 (i.e. where T-»») from data
derived at approximately 290 to 330 K introduces 
considerable error margins for AH^r AS^r^^'
It is proposed that the AH^r partitioning of
the study compounds be investigated utilizing batch 
and flow-mix microcalorimetric arrangements, the 
latter with the incorporation of a modified phase 
splitter.
The calorimetry of solution of the study compounds 
was also investigated.
3. EXPERIMENTAL
The experimental section is divided into three 
parts :
A) Batch Microcalorimetry
B) Flow-Mix Microcalorimetry, incorporating a 
phase-splitting technique and
C) Solution Microcalorimetry
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A ) Batch Microcalorimetry
i) General Principles
An .K .B . 10700-2 batch microcalorimeter was used
for the study. The batch microcalorimeter
(twin-principie) works in a constant temperature 
environment with a rotatable calorimeter unit 
suspended in a thermostatted air bath.
The rotatable unit comprises two separate reaction 
cells, thermopiles and temperature controllers, all 
contained in a cylindrical heat sink.
During an experiment, the rotary movements of the 
calorimeter unit mix the reacting components in one 
cell and the blank reference components in the other. 
(The latter is used as a reference cell to cancel 
external disturbances.)
Heat absorbed or liberated in the cell(s) causes a 
temperature difference and a heat flow between the
cell(s) and the heat sink. The heat sink liberates or 
absorbs this heat flow, while the thermopiles located
between each cell and the heal sink measure the 
temperature difference, which is proportional to the
heat flow, as an electrical voltage. This voltage is 
amplified and presented on a recorder as the heat 
at)sorbed or liberated per unit time. To cancel
external disturbances, the thermopiles of the detector 
used for the reaction and reference cells are 
connected in opposition.
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Figure 1 shows schematically how the thermostatic 
bath, calorimeter unit and control unit of the batch 
microcalorimeter are built up, and their connection to 
external units.
figure 1 : Schematic Diagram of Batch
Microcalorimeter
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The heat sink (b) of aluminium is located in the 
rotatable calorimeter unit surrounded by a layer of 
styrofoam.
Two identical detectors (cl) and (c2) are located 
in the heat sink. They contain the detecting
thermopiles (dl) and (d2 ) connected in opposition, the 
reaction cells (el) and (e2 ) and the calibration 
heaters (fl) and (f2 ).
Each reaction cell consists of a vessel, which for 
part of its height is divided into two compartments by 
a wall. Consequently, the liquids in the compartments 
are separated from each other as long as the cell 
remains in an upright position. The mixing rotation 
cycle of the calorimeter unit is illustrated in figure
2. The microcalorimeter must be in equilibrium at the 
chosen temperature before an experiment can be 
started. Each part of the heat sink (b) must have the 
same temperature as the surrounding thermostatic bath. 
This is kept at a constant temperature by the 
temperature controller and sensor (a). The heat sink 
(b) is provided with a sensor (i) which is connnected 
to the temperature indicator on the control unit. The 
heat sink also contains a heater (h) which may be used 
to shorten equilibrium time when the temperature for 
an experiment is raised.
(The whole system was housed in a constant 
temperature environment of 25.0±0.2°C.)
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figure 2; Mixing Rotation Cycle
(e2)
Reaction C e l l  
M ovem ent j
ii) Experimental Operation
When temperature equilibrium had been established, 
one of the reaction cells was charged with reactant 
solutions via nipples (gl) and (g2). The other cell 
was charged with the same amount of pure solvents for 
a reference blank. The lid was replaced and the whole 
unit left to equilibriate (~ 2 hours) i.e. until a
stable baseline was recorded.
The reaction was initiated, mixing the liquids in 
each cell. The heat liberated (or absorbed) was
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detected and ultimately presented on the recorder as a 
potential/time curve.
The instrument was calibrated electrically after 
the reaction run, the same liquids remaining in the
cells. A known current was pre-set on the control 
unit so that the size of the area confined by the
calibration curve would be similar to that of the
reaction run.
Finally, a correction run was made to determine 
the differential heat of friction between the two 
cells during the reaction and calibration runs. This 
was carried out by "mixing" the reactants already 
reacted, so no heat of reaction was liberated or 
absorbed.
The areas under the curves obtained on the 
recorder for the run, calibration and friction 
correction were assessed using a graphics tablet 
linked to an Apple computer. The calculated area
units of the correction run were subtracted from the 
area units of the reaction and calibration runs, and 
the heat of reaction evaluated.
Table 1 summarizes the systems investigated using 
the L.K.B. 10700-2 batch microcalorimeter at 290.15 K .
The butyl p- compound was originally selected for 
the preliminary studies due to the poor 
reproducibility of partitioning results obtained via 
van’t Hoff experiments, (refer chapter 2). The stock
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concentrations used were limited by the maximum 
solubility of the butyl p- compound in each solvent 
system at 298.15 K .
Multiple, subsequent rotations of the calorimeter 
unit were made on occasion to enhance "mixing" of the 
two immiscible phases and to facilitate transfer.
Table 1 :
10700-2 Batch Microcalorimeter at 298.15 K
Run Cell One Cell Two
Amp.
Range
(AiV)
MW
f.s.d.
No. of 
Subsequent 
Rotat ions
1 2ml n-
heptancW
2ml n-
heptaneM 3 43.3 x9
4ml
waterH
4m 1
waterH 10
10
10
10
144.3
144.3
144.3
144.3
xl
x4
x8
xl9
2 2m 1 n-
heptaneW
2m1 Bu p- 
in n-
heptane^* 3 43.3 xl
4m 1
waterH
4m 1
waterH 10 144.3 x5
3 2m1 Bu p- 
in n-
heptaneW
2m 1 n- 
heptaneW 10 144.3 xl
4ml
waterH
4ml
waterH 10
10
30
144 . 3
144.3
144.3
xl4
x20
xl
* butyl p- stock in n - h e p t a n e ^  3.5 x 10  ^ mol dm ^
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iii) Treatment of Results
Heat flows through a thermopile when a temperature 
difference exists between the junctions, and ceases as 
the difference equals zero. This is expressed by the 
formula (equation (1)),
^  = m a t  m
where,
K 2 = heat leakage constant,
AT = the temperature difference.
As AT is proportional to the generated thermopile 
voltage, it is also proportional to the recorded 
deflection €. Accordingly,
AT = ke (2)
and then,
2^  = K^kc = Ec (3)
where,
E is the calibration constant.
The integrated heat of the reaction experiment can 
now be expressed as (equation (4)),
t2
0 = E f e dt (4)
tl
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where,
t 1 = the time for the start of the reaction, 
t2 = the time for the end of the reaction.
If area A is the integral for recorded deflections 
€ during time ti-t2 , then (equation (5)),
*2
A = f € dt 
tl
(5)
and so,
Q = EA (6)
Let Apun be the area under the reaction curve 
(refer figure 3).
figure 3; Reaction Curve
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It includes an area Af^ic representing the heat of 
friction obtained by the rotation of the calorimeter 
unit. Therefore,
^reac ~ ^run ~ ^fric (units of area)
The calibration constant, E, is obtained according 
to the relation (7),
®ca I
E =  ---  (joules/unit of area) (7)
^cal
where,
Qcal i s the assigned electrical energy determined 
according to the equation (8 ),
Ocal = I^ R t (joules) (8 )
where,
I = calibration current,
R = resistance of calibration heater, and 
t - calibration time.
(The calibration heater located in each cell of the 
calorimeter unit has a standard resistance value of 5 0 
ohms ± 1 % with a negligible temperature variation.)
Hence the heat of reaction may be determined from 
equation (9),
® r e a c ”"^'^reac (joules) (9)
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The enthalpy of the reaction (AH^eac) niay be 
calculated by dividing Qreac by the number of moles, 
n, involved in the reaction, (equation (10),
®reac ,
AHj-eac "     (joules mol (1 0 )
iV) Results and Discussion
No heat of transfer was detected for the systems
studied. It was not possible to increase the
concentration of the butyl p- n - h e p t a n e ^  stock. Nor 
was it possible to use a larger volume of butyl p- 
compound stock.
Volume and solubility limits (and the partition 
value expected) for other p- compounds indicated that 
it was impracticable to assess any other esters.
Additionally, on a practical level, the use of 
n - hep tan eW in the batch microcalorimeter caused severe 
problems. The 'o' rings used to seal the stoppers of
each cell compartment were incompatible with the 
solvent. The 'o' would swell on prolonged contact
(over the period of each run) and leakage would 
result.
The lack of results from the investigation of 
these systems indicated i) that transfer of butyl p- 
hydroxybenzoate from n - h e p t a n e ^  to water^ was slow 
under these conditions, or ii) that the
system was sma1 1 .
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Transfer should have been effected, especially 
under conditions of multiple rotation, within the time 
span of the studies (although it was noted that the 
mixing due to rotation would not have been vigorous).
The heat from mixing the two immiscible phases was 
appreciable, exhibiting both exothermic and 
endothermie aspects. This may have masked a small 
heat of transfer. No attempt was made to calibrate 
and assess this heat of mixing.
The butyl p- system corresponded to the potential 
transfer of 3.5 x 10“  ^ moles with a nominal enthalpy 
of transfer of 10 k J mol'l (refer chapter 2).
This would have corresponded to a heat output for the 
system under investigation of ~ 4 x 10“2 j , (not
accounting for the kinetics of transfer). This was 
within the sensitivity range of the microcalorimeter 
(2 X 10-4 to 2 J).
It was concluded that it was not possible to 
measure AHtr directly for p-hydroxybenzoate esters 
partitioned between n-heptane^ and water^ using batch 
microcalorimetry. Significant thermal effects were 
not observed. The o- and m- esters were not
invest i gat ed.
B) Flow, Flow-Mix Microcalorimetry 
i) General Principles
An L.K.B. 10700-1 Flow Microcalorimeter was 
employed for assessment of ^Btr the p-hydroxy-
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benzoate esters between n-heptane^ and w a t e r ^ *
The instrument works in a constant temperature 
environment with the calorimetric unit enclosed in a 
thermostat ted air bath. The calorimetric unit
consists of a heat sink in which two different
reaction cells and their detectors are housed.
The standard flow microcalorimeter is equipped 
with two types of cells, namely a flow-through cell 
and a mixing cell. The flow-through cell is most 
suited to studying relatively slow reactions, e.g. 
enzyme reactions, and conversely, the flow-mix cell is 
suited to fast reactions, e.g. heats of dilution.
When using the flow-through cell, the reaction is 
initiated outside the calorimeter in a thermostatted 
reaction vessel and the reaction medium pumped (at a 
constant rate) through the heat exchange units into 
the calorimeter cell. The effluent from the
calorimeter cell may flow to waste or be recycled into 
the reaction vessel. Use of the mixing cell involves 
pumping two reactants independently through the heat 
exchangers into the calorimetric cell where they are 
brought together to react and then flow to waste.
(The flow cell was used also for the biological 
assessment of the hydroxybenzoate esters, refer 
chapter 6 . The flow-mix arrangement was employed for 
the direct assessment of AH^r i n this part of the 
study.)
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The following section gives description of the 
flow-mix arrangement only, although the basic design 
and function is applicable to both flow and flow-mix 
arrangements.
Figure 4 shows schematically how the thermostatic 
bath, calorimeter unit and control unit of the flow 
microcalorimeter are built up and connected to 
external units.
The calorimeter unit is embedded in styrofoam and 
suspended in the thermostatic bath. The heat sink (b) 
in the calorimeter unit is provided with two types of 
detector, (cl) and (c2). Detector (cl) contains a 
mixing cell (el) and detector (c2 ) a reaction cell 
(e2) of flow-through type. The two cells permit 
twin-principle cancelling of external disturbances 
since there is no essential difference between the two 
cells save the number of entrance/exits and the path 
of the "flow”. The thermopiles (dl) and (d2) of the 
two cells are connected in opposition so that only the 
signal concerning the process being investigated is 
ultimately amplified.
There are two groups of heat exchanger coils (hi) 
and (h2), located in heat exchanger I (gl) and heat 
exchanger II (g2), respectively. These bring the 
liquid(s) to the working temperature before reaching 
the cell.
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A suitable temperature environment for the 
reaction is selected and an external pre-thermostatic 
bath assists with temperature control.
Before a calorimetric experiment can be started, 
the microcalorimeter must be in equilibrium at the 
chosen temperature so that each part of the heat sink 
(b) has the same temperature as the surrounding 
thermostatic bath. This is kept at a constant
temperature by the temperature controller and sensor 
(a). Equilibrium is indicated by attainment of a 
stable baseline on the recorder. Equilibration time 
may be reduced using the heat sink heater (cl) and/or 
heat sink cooler (k) found on heat exchanger II (g2).
(The whole system was housed in a constant 
temperature environment of 25.0±0.2®C.) 
i i) Operation of the M ixing Cell Mode
Two syringe pumps were connected to the tubes 
leading to the mixing cell (el) of detector (cl). It 
was not possible to use peristaltic pumps to deliver 
the two solutions, in this case water^ and n-heptane^ 
compound stock, since the silicone tubing used in such 
pumps proved incompatible with the n - h e p t a n e ^ .  It was 
necessary to pump via fixed volume (10 ml) glass 
syringes. Detector (c2) was "blank”, filled with 
water. Thermal equilibrium was attained whilst
pumping two reference liquids, corresponding to those 
to be mixed in the reaction but with the solute
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absent .
The instrument was calibrated electrically whilst 
pumping the reference liquids.
The syringes were then primed with the two 
solutions to be mixed in the reaction cell and 
solutions then pumped through the microcalorimeter. 
When the two liquids met in the cell the heat 
liberated (or absorbed) was detected and presented as 
a baseline shift on the recorder. (Ideally, after a 
short while this deflection reached a steady state 
value, e (see figure 5) as a constant number of moles 
reacted per unit time). The products then left the 
microcalorimeter through an outlet tube.
A modified version of the p h a s e - s p 1itte r was 
constructed. It comprised a Y-shaped glass tube, 
internal diameter 4mm, with one side of the internal 
stem and upper fork lined with p.t.f.e. to "attract" 
the organic phase. In this instance, the device was 
attached to the exit port of the flow/mix 
microcalorimeter to split the two phases of a 
partitioning system, as it left the microcalorimeter, 
for analysis. Any heat exchange observed could then 
be directly related to the amount of solute 
transferred (assuming first order dependence for heat 
change with solute concentration).
The preliminary investigation used a butyl 
p-hydroxybenzoate stock in n-heptane^ 3.5 x 10"^ mol
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dm"3 mixed with water^ in the flow-mix mode. The flow
rate employed was varied.
figure 5: Typical Power-Time Curve
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iii) Treatment of Results
The flow-mix cell measures the amount of heat 
liberated or absorbed per unit time, and this heat 
effect, W, is recorded via a deflection of the 
baseline, c.
This quantity, e, multiplied by the calibration 
constant E, gives W, (equation (11)),
W = Eg (1 1 )
The major part of the heat effect W generated in 
the cell will, at steady state, be transported from 
the cell by heat conduction through the surrounding 
thermopile. This heat effect will, to a minor extent, 
be dissipated through the air gap ,between parts of the
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flow cell surface not in contact with the thermopile. 
A small fraction of the heat effect generated will 
also leave the cell in the liquid flow and the heater 
cables.
Heat only flows through a thermopile when a 
temperature difference exists between the junctions, 
and ceases as soon as the difference equals zero, 
(equat i on (1 2)),
Wt = Ki AT (12)
where,
K 2 = the heat leakage constant, and 
AT = the temperature difference.
The transverse temperature gradient (AT), is 
proportional to the voltage generated by the gradient 
and therefore, (equation (13)),
Wt = K2 c (13)
where,
K ‘2 = proportional constant multiplied by Kj .
For a given microcalorimeter and for stated values 
of flow rate, the reaction rate and physical 
properties of the calorimetric liquid, the fraction 
^t/w will be constant, (equation (14)),
W = K3 Wt (14)
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Combination of the above two equations leads to 
(15),
W = K2 K3 G = Eg (15)
The heat effect obtained during the calibration is 
calculated from the equation (16),
Wcaiib “ I ( j o u l e s  sec"l, or watts) (16)
where,
1 = calibration current,
R = resistance of the calibration heater (50 ohms 
± 1 % with negligible temperature variation)
The calibration constant may be obtained from the 
expression (17),
_ ''^ calib (joule sec 1 division  ^, or watt / i r? n
c. - —------ _ 1 \ { 1 I )
^calib division )
where,
Gcalib “ the baseline shift on the recorder
(measured in arbitary units) for the 
calibration.
Therefore, W may be obtained from (18),
W = Eg (joule sec~^) (18)
The number of moles of reactant delivered per
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second may be obtained by dividing the density x 
volume flow rate by the molecular weight of the 
compound. Division of W by this number of moles sec~^ 
yields AH for the process under investigation,
iV) Results and Discussion
No satisfactory thermal response was obtained from 
the investigation. The finite volume available for 
delivery of each solvent component of the study (10 ml 
for each syringe) was not sufficient to permit a 
steady state response for the partitioning at any flow 
rate. In addition, priming of the syringes
considerably disrupted the thermal stability of the 
system.
Attempts to find alternative tubing to silicone to 
permit investigation using peristaltic pumps (hence 
avoiding the volume limit) were not successful.
In addition, the phase splitter failed to separate 
the two phases of the system at the exit port of the 
microcalorimeter. The liquids preferentially flowed 
through the lower fork at all rates. (The fork lined
with p.t.f.e. was placed uppermost to effect splitting
in accordance with relative densities of the two 
solvent components.)
No other systems were investigated.
C ) Solution M icrocalorimetry
The microcalorimeter selected for this study was 
an L.K.B. 8700 Reaction Calorimeter.
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A titration technique was not used since the study 
compounds in this case were solids. Instead an
ampoule-crushing technique was employed, 
i) General Principles
The instrument can be divided into the electronic 
assembly and the calorimetric assembly.
The electronic assembly consists of a control unit 
comprising a power supply, an electronic timer, à
precision wheatstone bridge, a precision D.C.
potentiometer, an electronic galvanometer, a reference 
unit and an event timer.
The calorimetric assembly comprises a thermostatic 
bath with a proportional controller, and a calorimeter 
unit including a glass reaction vessel with an ampoule 
holder and breaker and stirrer driver.
Figure 6 is a block diagram showing the
interrelation of the above components.
(The whole system was housed in a constant
temperature environment of 25.0±0.2°C.)
Electronic Assembly
Precision Power Supply: The power for calibration
is supplied via a stepwise selector with five
positions corresponding to 20, 50, 100, 200 and 500 mW
fed into a 50 ohms heater. Fine adjustment of the
current ± 1 % may be obtained by a 10-turn
potentiometer.
figure 6:
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The Heater Control: The two positions on the
power selector are used in the accurate measurement of 
the heater resistance.
In addition, two well stabilized voltage supplies 
provide the power for the potentiometer and wheatstone 
bridge.
Electronic Timer: The electronic timer contains a
quartz crystal-controlled oscillator as reference.
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The time of calibration can be preset; 1-99 
seconds in steps of 1 second and 100-1000 seconds in 
steps of 10 seconds. The reproducibility of the time 
setting is given as better than ± 0.001 seconds and
the accuracy is given as better than ± 0.003 seconds.
Bridge balance is indicated by a built in null 
detector connected to the electronic galvanometer.
Precision Wheatstone Bridge: The bridge has a
basic resistance range of 0-6000 ohms in six decades.
Precision D.C. Potentiometer: The precision d.c.
potentiometer ranges from 0.990-1.011 V in 20 steps of 
1 mV, with a slide wire of resolution 10 /iV.
The accuracy is quoted as better than 20 /uV and 
the standardization reference is a built in Weston 
standard cell.
The Electronic Galvanometer: A Hewlett Packard
D.C. null voltmeter completed with an input selector 
is used as zero indicator.
The sensitivity is given as ± 3 u V full scale to ± 
1000 nV full scale in 18 ranges. The accuracy is ± 2 %  
of the end scale.
Reference Unit: The reference unit contains
standard resistors and reference diodes for the 
current and voltage regulator system. Also a Weston 
standard cell for calibration of the D.C. 
potentiometer.
Event Timer: May be used for the determination of
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the running time for plotting the power-time curve. 
(It was not utilized in this study.)
Calorimeter Assembly
Thermostatic Bath: The thermostatic bath has a
water capacity of 18 litres less the volume of 
immersed apparatus. It has a heater, resistance ~ 70 
ohms. It is cooled by water circulating at 1 litre 
per minute or less at a temperature 1-2° below the 
temperature of the bath, at a pressure of about 0.5 kg
cm"2 ,
The operating temperature of the bath may range 
between 10°C and 60°C. The proportional controller’s 
resolution in temperature setting is 0 .0 1° or better.
Calorimeter Unit: The reaction vessel is made of
pyrex glass, volume 100 ml. It contains a thermistor 
of resistance 2000 ohms ± 5 % at. 25°C, and a heater of 
resistance 50 ohms ± 0.05%. Also the base carries a 
sapphire tipped rod for ampoule breaking.
The stirrer/ampoule holder is 18 carat gold plated 
with pure gold, and takes glass ampoules.
The outer can of chromium plated brass has a 
threaded ring fixed to the lid which connects to the 
neck of the reaction vessel. The thermistor and 
heater are connected by gold-plated feed through pins 
in the lid.
The stirrer is fixed to a stainless steel spindle* 
supported by stainless steel ball bearings. The whole
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stirring mechanism can be moved vertically about 20 mm 
for ampoule breaking.
The stirrer driver rotates the ampoule holder in 
the reaction vessel by means of a flexible coupling 
wire. A 750 r.p.m. (at 50 Hz) synchronous motor is 
used. The drive shaft speed may be varied from 500 to 
250 or 125 r.p.m. at 50 Hz.
The ampoule breaker moves the ampoule holder in 
the calorimeter unit vertically to break the ampoule. 
The breaking cycle takes about 3 seconds and exerts a 
maximum breaking force of 0.5 kilopond.
The ampoules are made of pyrex glass and have a 
volume of 1 ml. The heat of breaking is less than 0.5 
mJ for 90% of the ampoules.
figure 7: Types of Ampoule
A B
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There are three types of ampoule used to introduce 
the second reactant into the reaction vessel (see 
figure 7). Type A is used for solids when the 
reactions are performed in aqueous media. They are 
sealed with a silicone rubber stopper and microwax. 
Type B is for liquids. These ampoules are sealed with 
the special ampoule sealing device provided with the 
instrument. Type C is for solids and are likewise 
sealed with the special device. (The device permits 
quick sealing with minimum heating of the ampoules.) 
i i ) Operational Procedure
Initial Adjustments: The standardization of the
potentiometer and measurement of heater resistance 
were carried out in accordance with the manufacturer’s 
instructions.
The reaction vessel was cleaned with acetone and 
thoroughly dried with a stream of nitrogen prior to 
each run.
A known volume of solvent was delivered into the 
glass vessel. The ampoule containing a weighed amount 
of compound was inserted into the stirrer and put into 
the neck of the vessel. The stirrer driver was 
attached and the motor started. The outer can was 
clipped into place, the unit was lowered into the 
thermostatic bath, and the unit left to equilibrate 
overnight.
The input selector was turned to "wheat stone
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bridge" and a sensitivity of 100 mV selected.
The chart recorder speed was set to 10 mm min~^ 
with a recorder range of 20 mV and the zero adjusted 
as required. The deflection was checked i.e. ICl = 
half scale deflection. A fore period was established 
(approximately 10 minutes). The resistance was noted.
Breakage was initiated. The arm supporting the 
stirrer attachment was moved out of position
momentarily and the stirrer attachment lowered by hand 
- this ensured breakage of the upper and lower end 
plates of the ampoule.
On breaking the ampoule, the wheatstone bridge was 
"backed off" on the decade box to keep the signal on 
scale.
An after period of approximately 10 minutes was 
established and the final resistance reading that had 
been dialled was noted.
Calibration: After each reaction, the calorimeter
was calibrated electrically in accordance with the 
manufacturer’s instructions.
Selection of the calibration parameters were in 
accordance with the following considerations:-
a) The calibration energy selected was such that it
corresponded to the amount of energy released or 
absorbed in each reaction under study.
b) The calibration time was the same as the time for
each react i on.
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c) The calibration curve was identical in shape 
(where possible) to the curve obtained from each 
react i on.
Table 2 shows the studies undertaken with the 
L.K.B. 8700 system. Only p-hydroxybenzoate esters 
viv.rv. used in the study.
Tab 1 e_ 2:_____ Systems__Invest i gated_in__the L.K.B.__87 0 0
Reaction Calorimeter at 298.15 K
Run Compound
(p-hydroxybenzoate)
Weight
(mg)
Solvent^ 
Volume (ml)
1 blank n-hept ane/ 10 0
2 methyl 0.89 n-heptane/ 100
3 methyl 4.58 n-heptane/lOO
4 heptyl 63.03 n-heptane/100
5 hepty1 93.57 n-heptane/100
6, methyl 8 . 15 water/80
7 methyl 8.23 water/80
8 methyl 18. 14 water/80
9 methyl 20.12 w ci ter/ 8 0
10 methyl 24.05 water/75
1 1 methyl 28.08 water/75
12 methyl 39.43 water/ 100
1 3 ethyl 5.82 water/80
14 ethyl 15.50 wat er/80
15 propyl 12.33 water/80
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Table 2 (contd.)
Run
(P
Compound
-hydroxybenzoate)
Weight
(mg)
Solvent^ 
Volume (ml)
16 butyl 14 . 55 water/80
17 pentyl 12. 17 water/80
18 hexy 1 16.90 water/80
19 heptyl 12.38 water/80
20 TRlsb 486.85 0.IM HCl/lOO
a The solvents used were pure - not mutually
saturated.
b TRIS [2-amino-2-(hydroxymethyl)propane-l,3-diol]
II was not possible to seal type B ampoules 
without melting the compound inside. Therefore type A 
ampoules were used throughout the study. They were 
wrapped in p.t.f.e. tape (for experiments involving 
n-heptane as the solvent) after filling and weighing. 
This was to prevent the stopper and wax being removed 
by interaction with the solvent. Wrapping was not 
necessary for experiments in aqueous media. Care was 
taken not to cover the two thin end plates of the 
ampoule with the tape. This may have hindered
breakage and hence release of the compound into tlie 
react ion vessel.
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i V ) Treatment of Resu Its
Energy measurements of a reaction are made 
possible by the accurate determination of two 
parameters, AT, the corrected temperature change and 
E, the heat capacity of the investigated system (the 
calibration constant).
The relation between thermistor resistance and 
temperature may be expressed by the formula (19),
R = A. e%/T (19)
where,
R = resistance,
T = temperature in ° K, and 
A and B are constants.
The parameter used is AT (the change in 
temperature due to a reaction) and this may be 
approximated to (2 0 ),
AT = 5^ -- (20)
"mean
The calibration constant may be obtained from the 
express ion (2 1 ),
' ■ m q —
^^^mean-^calib
where.
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Qcalib " an accurately defined quantity of heat 
supplied electrically via the built-in 
heater, and
f AK 1 is proportional to the corrected
iRmeanJcalib
temperature change of the micro­
calorimeter during calibration
To perform calorimetric measurements the terms 
which define Qcalib according to the relation (2 2 ) 
must be known,
Qcalib = Rh • (2 2 )
where,
Rfj = the corrected resistance of the built in 
heater,
I = the calibration current, and 
t = the calibration time.
Q , the number of joules evolved in the reaction is 
defined as follows.
Q = E f|^) (23)
'•"H ^ exp
and from this (24),
AH = — (24)
n
where.
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n is the number of moles.
Therefore, if ' denotes calibration parameter.
RH*l*^*t.R mean" . M 
AH = ---------------------- (25)
(J mol-1) AR' . Rmean . m
where,
M: is the molecular weight of the compound
contained in the ampoule.
m: is the weight (in g ) of compound used in the
ampoule.
( 4- 1000 to give AH in kJ mol~l.)
AH (kJ mol"l) for the solution process is 
calculated from the following equation (26), (cf. 
equation (25)),
, A^corr * R mean •  ^ * ^H • ^
. R...„ . . . 1...
The parameters in the above equation (26) are 
obtained from the experimental results in the 
following way : -
The reaction was initiated at resistance R ^ and 
ended at resistance R2 , and the change in resistance 
over the reaction run corresponded to AH. This change 
in resistance is realized as an exponential-type 
curve, the mean mid point oi' which corresponds to (H|
+ 0.63AR) “ ^mean"
Extrapolation of Rjnean onto the fore and after 
p (' r i o d lines will give corrected R ^ and Ro values -
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(correcting for any drift included in these periods).
(AH^corr) corresponds t o the change in resistance from
^ 1 corr  ^^ ^2 corr^* R(mean)corr “ ^1 corr 0*50
^ c o r r *
A similar treatment. extends to the R' parameters
which derive from the calibrat ion run.
I^; corresponds t 0 the I2 values for the
calibration current which gives the mW level for the
calibration, i.e.
l2 ( 10“3a2) mW
0.4 20
1 50
2 100
4 200
10 500
is selected from the above in accordance with 
the wattage level used for the calibration.
t: is the time (in seconds) of the calibration
run .
is the corrected heater resistance, i.e.
50. V ,
"H = TTTKHKTO ■■ correction
V is the voltage measured during the measuiement 
of the healer resistance. (The heater has a
resistance of 50±0.5n, which is measured exactly in 
this process.)
The heater leads have a resistance of 0.260
metre~l. They are 5 cm long and hence.
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= 50. V - 0.0130
1 0 0 0: factor joules -> kilojoules.
iV) Results and Discussion
In a number of instances the compound introduced 
in the ampoule did not dissolve completely during the 
reaction. Alteration in the volume of solvent used 
did alter the apparent effectiveness of the stirrer 
motion (by eye) but various solvent levels failed to 
alleviate this problem.
Wrapping of ampoules with p.t.f.e. was not 
completely effective against n-heptane removing the 
wax and swelling (out) the stopper, but it was found 
to be the best method available.
Of the experiments where dissolution of the 
p-hydroxybenzoate was effected during the run, only a 
small number gave any significant, response curves. In 
every case the response was small and covered a long 
time span which made estimation of the end of each 
reaction particularly difficult. The TRIS run (20) 
was undertaken to assess a typical reaction res])onse 
for comparison with the p-hydroxybenzoate runs. The 
value obtained for this AH solution was in good 
agreement with the value given in the manual 
accompanying the instrument i.e. -29.76 kJ mol~^ as 
opposed to -29.81 kJ mol“ .^
Inspection of the trace for the TRIS reaction and
240
p-hydroxybenzoate solution reactions showed the latter 
to be very small and poorly defined.
Table 3 gives the values of AHgqi calculated where 
possible. The AHg^i values obtained for the solution 
processes are all endothermie.
Comparison of the data obtained with that derived 
from the van’t Hoff method for methyl p-hydroxy- 
benzoate - cf. van’t Hoff 21.94 ± 9.78 kJ mol“ ,^
calorimetric 30.59 ± 10.65 kJ mol~^ - indicated
agreement within experimental error. (It was noted 
that the calorimetric value was poorly reproducible.)
The apparently slow dissolution rates coupled with 
the low solubility limits for these compounds in 
either solvent system ultimately rendered the 
technique unsuitable for determination of AHgQ} and 
the study was not pursued further. It was not
possible therefore to calculate AH^r from the data.
4. CONCLUSIONS
The data derived from the van’t Hoff technique 
(chapter 2) for AH^ -j, of p-hydroxybenzoate esters from 
waterH to n-heptane^^ indicated an endothermie response 
- 20 kJ mol"l for esters other' than butyl p- for which 
AHtr = 9.54 kJ mol"^. In principle, it was felt that 
direct determination was possible of AH^r values o i 
this order of magnitude with the calorimetric methods 
available.
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Table 3: AHcnln^Values for p-Hvdroxybenzoate Esters
at 298.15K
Run Compound Solvent AH(kJ mol-1)
5 heptyl n-heptane 40.91
9
10
methyl
methyl
water
water
41.23 
19.94 
Av. 30.59±10.64
20 TRIS 0.IM HCl -29.76
However, there were practical limitations of
sample size and instrument sensitivity, and 
reproducibility problems. The low solubility limits 
of the study compounds in the particular solvent 
systems investigated and, in the case of the solution 
calorimetry, the apparently slow dissolution rates of 
these compounds, prevented determination of AHj;, 
values.
It was not feasible to modify the experimental 
procedures and hence it was concluded that direct 
determination was not possible of AH ^ ^  values for the 
experimental system(s) prescribed.
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Chapter Five; ANALYSIS OF SOME ASPECTS OF 
PARTITIONING SYSTEMS
1. INTRODUCTION
2. FACTORIZATION OF THERMODYNAMIC FUNCTIONS
2.1 Internal and External Contributions to 
AH and AS
2.2 The Gibbs Function: The Cratin Postulate
2.3 Modification of the Cratin Postulate
3. INTERRELATION OF SYSTEMS
3.1 The Collander Equation
A) Case One
B) Case Two
C) Case Three
D) a and b
3.2 Thermodynamic Analysis of the Collander 
Equat ion
A) Case One
B) Case Two
C) Case Three
3.3 App1ications
A) Chromatographic Investigation
B) Application to Biological Systems
C) a or b?
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1. INTRODUCTION
The AGtr values derived from transfer data for the 
p- and m-hydroxybenzoates, partitioned between water^ 
and n - h e p t a n e W ,  demonstrated a linear free energy 
relationship with carbon number in the side chain 
(chapter 2). These results offered a basis for 
rationalization of a group additivity scheme for AG 
which might ultimately reveal the particular factors 
influencing the partitioning behaviour of each series.
2. FACTORIZATION OF THERMODYNAMIC FUNCTIONS
2.I Internal and External Contributions to AH and AS
Larson and Heplerl^O considered contributions to 
AH and AS in terms of ^^cnv* ^^env* ^^int* and AS^^^. 
They considered that environmental factors arose from 
solute-solvent interactions, while internal effects 
orginated in enthalpy and entropy differences between 
the molecules on either side of an equilibrium, or 
between reactant molecules and the activated complex.
ASint was given as equal to zero for symmetrical 
reactions, where intramolecular hydrogen-bonding or 
steric effects often associated with o-substitution 
are absent, so that (1),
S AS = S ASgnv )
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When worked through, it was found that substituent 
effects on the Gibbs function parameters, logarithmic 
rate and dissociation constants, could often be simply 
explained in terms of electronic factors, (which are 
measured by whereas overall AH and AS values
displayed a variation because of environmental 
contributions, and were often much more complex and 
difficult to rationalize.
2.2 The Gibbs Function; The Cratin Postulate
Cratinl31 considered partitioning at the 
liquid-liquid interface in the following way.
The reference states chosen were as follows:- An 
ideal solution may be defined as one in which each 
component follows the equation (2),
Mi(T,P,X) = Mi®(T,P) + RT In Xi (2)
where,
Mi is the chemical potential of pure "i" in the 
solution at a specified temperature and 
pressure, and
X i is its mole fraction.
In the event that the solution becomes non ideal 
before Xi = 1, M® is not the actual chemical potential 
of pure "i" (sometimes denoted by M°) but the value it 
would have if the solution remained ideal up to X^ = 
1. In other words it is a limiting form of Henry’s 
1 aw.
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The thermodynamic distribution coefficient, Kp 
based upon ideal solutions, has the form (3),
Kd = V -  (3)^O
^O
(Kg is more usually expressed Kp = —  (4))
Aw
in which Xq and X^ refer to the mole fractions of 
solute in the organic and aqueous phases 
respectively.
Conversion to an expression in molarities, a more 
convenient concentration unit than mole fraction in 
sufficiently dilute solutions leads to (5),
Xi
1 VgO
where,
(5)
Vg° is the molar volume of the solvent in 
solution.
Rearrangement and taking logarithms gives (6), 
I n X i  = I n C j  + I n V g O  (6)
and hence for component i (7),
Mi(T,P,X) = Mi®(T,P) + RTlnVgO + RTlnCi (7)
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The above equation (7) demonstrates that chemical 
potential based upon mole fractions is larger than
that based upon the molar concentration by RTlnVgO.
The value of the chemical potential when expressed on 
the molar concentration scale, even in ideal
solutions, depends upon the molar volume of the 
solvent.
Cratin considered the total Gibbs function of a 
molecule, , comprised a contribution from a
lipophilic group (L)- and n hydrophilic groups (H) , as 
expressed in equations (8) and (9),
*^t(w) = ^L(w) + n*^H(w) (8)
and,
^'t(o) = b^(o) nMH(o) (9)
where,
(w) and (o) refer to the aqueous and organic 
phases repectively.
Cratin developed this postulate to lead to 
equation 10,
-nA^H
I n  K p  =  [ V ( o ) / V ( w ) ]  ( 1 0 )
(since A m = -RT In Kp) 
where,
Kd = C(„)/C(o), and
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V = molar volume,
2.3 Modification of the Cratin Postulate
The Cratin postulate was modified and developed to 
permit factorization of the Gibbs function into a 
parent group contribution and an incremental methylene 
unit contribution, more readily applicable to 
homologous series of hydroxybenzoates.
The parent groups (see figures 1 and 2) were 
defined as,
figure 1: Parent Group for the p- Esters
figure 2; Parent Group for the m- Esters
OH
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In this case, was defined as the chemical
potential contribution from the hydrophilic parent 
group upon transfer of the group from water to an 
organic solvent. Similarly Mp was taken to express 
the chemical potential contribution from the 
lipophilic methylene units of the homologous esters. 
(Hydrophilic and lipophilic are convenient 
descriptions.rather than absolute properties.)
Thus the modified Cratin postulate took the form 
(11) and (12),
^t(w) = nML(w) + ^H(w) (11)
%t(o) = n%L(o) + %H(o) (12)
and thence.
-nA^L ^^H
In Kd =  (ln[V(w)/V(o)]) (13)
where,
- C(o)/C(w)
Alternatively Kd may be expressed in terms of mole
fractions rendering the bracketted term redundant.
Therefore, a plot of In Kd versus n should be
linear with slope = -AMl and intercept =
RT
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-AMh
~RT  ^ (ln[V(w)/V(o)]).
The In Kp data obtained in chapter 2 for the p- 
and m-hydroxybenzoates is listed versus n in table 1 
and plotted in figure 3.
Table 2 gives the regression analysis of these
plots, along with the calculated values of AjUy and 
AMl . The values of AjU^, corresponding to the change 
in chemical potential of transferring a lipophilic 
methylene increment tallied (not surprisingly) with 
the average AAG value derived from the AG versus n
plots of chapter 2, (p-hydroxybenzoate esters
-3.38/-3.31, m-hydroxybenzoate esters -3.68/-3.69.)
For both homologous series the data indicates that 
the transfer of lipophilic (methylene) groups from 
waterH to n-heptane^ is favoured (AM# negative) unlike 
the transfer of the hydrophilic parent group (AMp 
positive). The data also indicates that transfer of
the m- orientated hydrophilic group is comparatively 
preferential. It is interesting to note also that the 
data discriminates the transfer of p- and m- 
orientated lipophilic groups. This may reflect the 
stereochemical influence of the orientation ease of 
formation and structuring on solvation shells around 
the two isomeric ester arrangements.
Table 3 considers AMh and AMp as a function of
temperature.
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Tab le 1 :____ Ln Kp versus n Data for p- and m-Hydroxy
benzoates at T = 298.15K
p- esters ra- esters
Carbon No. 
in sidechain
In Kd Carbon No. 
in sidechain
In Kd
1 -1.27 1 -0.67
2 0.04 2 0.81
3 1.35 3 2.21
4 2.75 4 3.73
5 4.20 5 5.30
Table 2: Regression Analysis on Ln Kp versus n Plots
for p- and m-Hydroxybenzoates
p- esters m- esters
intercept 
-A^h
RT
gradient 
RT j
correlation coefficient
(kJ mol ^)
AMl (kJ mol'l)
- 2.68
1.37
0.9978 
6. 65 
-3.38
-2. 19
1.49
0.9998
5.42
-3.69
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Table 3 ; Values of AAZy and A/i^  Derived from Ln Kp
versus Carbon Number Data for Hydroxybenzoate Esters 
at Various Temperatures
Temperature (K)
(kJ mol 1) (kJ mol 1)
p- esters
283.15 7.57 -3.28
288.15 7.28 -3.31
293.15 6.96 -3.35
298.15 6.65 -3.38
303.15 6.39 -3.43
308.15 6.12 -3.47
313.15 5.76 -3.50
m- esters
283.15 6.29 -3.68
288.15 5.99 -3.68
293.15 5. 69 -3.68
298.15 5.42 -3.69
303.15 5. 15 -3.69
308.15 4. 88 -3.69
313.15 4.54 -3.69
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In both cases A/iy showed a marked temperature 
dependence, decreasing in value with increasing 
temperature. A/i^  f or the p- esters showed a very 
small decrease with increasing temperature - for the 
m- esters no significant change was observed. This 
possibly reflects the similarity between the 
lipophilic portion of the molecule which is 
transferred and the selected organic phase viz.
n-heptaneW.
Despite reservations about the use of van't Hoff
plots (refer chapter 2), -A^y and -AMl were plotted
RT RT
versus /^<p (figures 4 to 7) in order to obtain values 
of AHtr,H and AH^r,! f or the hydrophilic and 
lipophilic moieties. The derived values are given in 
table 4, along with AS^r.H ^^tr,L to complete the
thermodynamic description.
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RT
/^«I> and -Aw^versus /^<j> plots at 298.15K for p- and
RT
m-Hydroxybenzoate Esters
AHtr AGtr AStr
(kJ mol-1) (kJ mol" 1) (JK-1 mol-1)
p- esters
hydrophilic 24.56 
parent group
6. 65 60
lipophilic -1.12 
(methylene) group
-3.38 8
m- esters
hydrophilic 22.62 
parent group
5.42 58
1ipophilie -3.56 -3.69 0.4
(methylene) group
These data illustrate that for the transfer of the 
p- and m- parent structure to n-heptane^ the Gibbs 
function reflects large unfavourable endothermie 
enthalpies of transfer dominating the favourable 
entropy change.
The transfer of the lipophilic chain of the 
molecule to n - h e p t a n e ^  is favoured (AG^r  is negative).
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In the case of the m- esters, a small exothermic 
enthalpy appears to be the driving force for the
transfer. However, for the p- esters the exothermic 
enthalpy consideration is smaller. This implies that 
the entropie contribution to transfer is significant 
in the p- case.
Thus it has been possible to establish, by
suitable analysis of Kj), the contributions to the
Gibbs function of transfer for both the hydrophilic 
and lipophilic portions of the hydroxybenzoate esters 
partitioning between waterH and n-heptaneW.
Such apportioned contributions for parent 
structures (hydrophilic portion) and lipophilic 
portions (in this case -CH2~ incremental groups) may
allow, in principle, the establishment of a system of 
fundamental Q.S.A.R. group Gibbs function
contributions which could be used to evaluate Kp for 
new structures. These contributions have a
thermodynamic basis and hence a firmer fundamental 
basis than do for example, the assumed regular tt 
increments of Hansch and empirical Rekker fragmental 
constants.
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3. INTERRELATION OF SYSTEMS
3.1 The Collander Equation
C o l l a n d e r ^ S  was the first to express a linear free 
energy relationship among systems in precise terms. 
He demonstrated that the partition coefficients for 
water/solvent systems were related by the equation 
(14),
In Kpj = b In a (14)
where,
Kpj is the partition coefficient of the solute
between water and solvent 1, and 
Kpjj is the partition coefficient of the same
solute between water and solvent 2.
A survey of the literature reveals the Collander 
equation expressed in three different forms:- 
Case One: Where the substituent remains constant
but the solvent system changes, (figure 
8) .
Case Two: Where the solvent system remains
unaltered and non series function groups 
are considered, (figure 9).
Case Three: Where a homologous series of compounds
is studied in an invariant solvent 
system, (figure 10).
These three alternatives are represented 
pictorially below.
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Alfitfure 8: Case One
Ln K q U nsu isL itu ted
Ln Kn  S u b s t i tu te d
X d i f fe re n t  
so lvents
slfigure 9: Case Twi
Ln K D . I
Ln K
X non series 
fu n c t io n a l  groups
Cjfigure 10; Case Three
Ln K
X M e , E t ,  
. Pr etc
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Some examples extracted from the literature are 
cited for each case.
Korenman, Shartakoba and Proxorova?^ correlated 
the partition coefficients of methyl to butyl esters 
of p-hydroxybenzoic acid and the corresponding values 
for the acid in a range of solvent systems, viz. 
chloroform, toluene, ethyIbenzene, o-xylene,
cyclohexane, n-hexane and n-octane. (This data may 
also be incorporated into a case three study.)
Jain and Wray^G reported the partition 
coefficients of alkanols in a lipid bi1 ayer/water 
system. (Similarly this data also may be adapted to 
illustrate a case three study.)
Backlund, Holland, Ljosland and Vikholm^O^ studied 
the system water/alcohol/octane. (The partition
coefficients given for the series of alcohols from 
this paper were used to derive case three parameters a 
and b .)
Manzol32 discussed a simpler linear relationship 
between the logarithms of solubility equilibria of 
structurally related compounds as they varied with 
changes in the solvent or solvent composition in water 
and water-like solvents. The slope Py of these linear 
free energy relationships (see figure 11) 
quantitatively accounted for the direction and 
intensity of the relative solubility variations due to
263
medium effects. Py was sensitive to the introduction 
of a structural change in the solute.
figure 11;__________Relationship Between Solubility
Equilibria for Structurally Related Compounds^^^
Log
S o lven t Y
Log S g
Seilerl33 examined the relationship (15),
log Pcyclohexane ® log Psolvent ^ (15)
for all solutes (hydrogen bond donors and 
acceptors) in the following solvent systems:- hexane, 
n-heptane, octane, hexadecane/water systems.
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None of the slopes (a) were significantly 
different from 1.0 and differences in the intercepts 
(b) were reported to be small.
Seiler thus converted partition coefficients of 
saturated hydrocarbon systems (from the Leo et al.?6 
compilation) to the cyclohexane system. Then these 
partition coefficients in saturated hydrocarbon 
systems were correlated with those in the octan-l-ol 
system.
The author examined the hypothesis: If hydrogen
bonding was accounted for separately, the slopes of 
all the equations comparing any lipophilic solvent 
system to the octan-l-ol system should be near 1.0. 
This postulate was formulated mathematically (a = 1.0) 
(16),
log ^solvent " 1 ^octan-l-ol ^ (16)
where,
Ipj denotes the additive increment to hydrogen 
bonding by a molecular segment.
Rearrangement gave (17),
Alog P = log Poctan-l-ol ~ log Psolvent " I'lH ~ ^ (17)
From analysis of the above equation (17), Seiler 
derived a series of Ij^ values for a variety of 
structural elements, with groups known to form strong
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hydrogen bonds showing high Ijj values. Seiler
proposed that Ijj values may be used to calculate the 
additive contribution to hydrogen bonding for various 
structural elements, but considered that the 
additivity rule would break down if intra- or
intermolecular interactions between segments were 
possible.
Wang and lienl34 conducted a study in which the 
same organic solvent, octan-l-ol and different buffer 
systems were used to obtain other correlations where a 
and b were different constants for the different 
systems used. The validity of the assumption that 
only the pH of the buffer system affected the 
partition coefficient, but not the buffer type, was 
invest igated.
Only with neutral drugs was the slope (a) value 
close to 1.0 and the intercept (b) value close to 0.0
for the three buffer systems studied. For acidic
drugs, only octan-l-ol/phosphate buffer gave a 1:1 
correlation with octan-l-ol/water partition
coefficients. Acetate and bicarbonate buffer systems 
gave different correlations. For basic drugs none of 
the three systems examined gave a 1:1 correlation with 
octan-l-ol/water partition coefficients.
The results indicated that acidic, basic and 
neutral drugs should not be grouped together in most 
cases, and that the buffer type did influence the
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results for each group of drugs.
Kubinyi55 found organic/aqueous systems, with 
organic solvents such as aliphatic or aromatic 
hydrocarbons, or diethyl ether, gave poor correlations 
with the octan-l-ol/water system. Only after
categorization of the solutes into hydrogen bond 
donors and hydrogen bond acceptors were
satisfactory correlations obtained. In the case of 
chloroform and carbon tetrachloride, Kubinyi further 
categorized neutral solutes to a subset having both 
donor and acceptor ability.
Banerjee and Gupta^^S outlined an alternative 
approach to the estimation of compound
hydrophobicities and their relevance to partition 
coefficients. The authors classified compounds on the 
basis of hydrophobicity and assigned values 
(independent of the solvent system) that measured the 
degree of hydrophobicity of compounds with respect to 
the parent molecule. They then correlated the values 
to the partition coefficients. Correlation was found 
between compound hydrophobicities and log P values in 
a wide variety of solvent systems and, within limits, 
correlations appeared to be solvent independent.
Hanschl3G has used equations of this form to model 
biophase transfers. For Hansch b is a measure of the 
sensitivity of the system to perturbance by 
hydrophobic effect; the value of a is said to reflect
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the sensitivity of the biochemical system and the 
intrinsic activity of a set of congeners.
D) a and b
These analyses have not generally included any 
attempt to define a and b as other than regression 
coefficients, and indeed many of the
interrelationships were subject to functional/ 
interaction group restrictions for their
applicability.
3.2 Thermodynamic Analysis of the Collander Equation
It is important to establish whether the various 
forms of the Collander equation have any theoretical 
basis and, if so, what conclusions may be drawn from 
the results of the theoretical analysis as to the 
nature of the transfer process.
It was proposed that analysis of the 
thermodynamics of the empirical Collander equation, in 
its three basic forms, be undertaken. The following 
section details the results.
A ) Case One
For case one,
InPj = b In Pj 4 a where the substituent remains 
constant but the solvent system changes.
Point 1 :
-AG J  Vyy -AGi Vw
+ InRT 0,1
+ a (18)
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where,
denotes the substituted as opposed to the 
unsubstituted compound.
The substituent remains the same throughout the 
study.
Point 2:
-AGii Vyy
0,11
= b
-AG 11
+ InRT o, II
+ a (19)
b =
■-AGii
In
vw ' ■-AGj
+ In
Vw ■
RT Vo, II RT Vo.lJ
■-AG'n
In
Vw ' ■-AG'i
+ In
Vw ■
RT Vo, II RT Vo.lJ
(20)
AGj - AGji I
—  + In
RT 0,11
AG I - AG 11 Vq I
-  + InRT 0,11
(2 1 )
AGJ — AGJJ + RT In
0,1
0,11
AGj — AG^i + RT In
0,1
0,11
(22)
When the partition function is expressed in terms 
of Kj) (as opposed to P) the In In V^^jj terms
become redundant.
The solutions to this correlation are
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AG J - AG J J 
AG J = AG J J (23)
a = value on the left hand side of equation (18) when 
[ ...] is set equal to zero (24).
The intercept value relates to InKp = 0 i.e. Kp - 
1, the case when the substituted compound is in equal 
concentrations in the two undefined phases of the 
system. Without a regular trend in solvent system it 
is not possible to rationalize any useful information 
from the intercept nor the slope value. The factors 
which may exert influence on the parameters a and b 
will not be obvious.
B ) Case Two
Similarly for case two,
-AG
RT — In
Vw
o, I
= b
-AG 11
RT + In
Vw
0,11
+  a (25)
Let AG - ^Gparent ^^substituent» then (26)
b =
AGgubs,! AGgubs,!
(27)
AGsubs,II " AG^ubs.II 
where,
' implies another substituent, 
a = value on the left hand side of equation (25) 
when [....] is set equal to zero (28). 
Similarly for case 2, the intercept and slope are 
not obviously useful parameters. The intercept value
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corresponds to In Kp^jj = 0 , i.e. where partition of a 
solute with undefined functional group shows equal 
distribution between the two phases of the solvent 
system as specified.
C ) Case Three
InPj = blnPjj + a, where the substituent changes 
through a homologous series, the solvent system 
remaining constant for each member of the homologous 
series.
AGj •AG 11 Vw
+ InRT 0,11
+ a (29)
It is therefore possible to pursue a simple 
extension of the modified Cratin analysis to allow a 
more detailed thermodynamic discussion of the (at 
present) empirical Collander equation via this case 
three form.
Substitution of A/Uy and A^l terms as appropriate 
produces an equation from which the thermodynamic 
significance of a and b can be deduced, viz.
A^l ,i AMh ,i Vyy
""h t RT Vo,I
A^L,II AMh .II
nb  b — + b In a (30)
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Then,
I
' = ZTYTYi
a m l .i a m h ,i Vw
a = - n -----  -   + In   (32)
RT RT Vo,I
The value of a is determined when In Kj) = 0.
With sufficient data sets of A/Lipj and i t is
possible to calculate n such that In Kp^jj = 0 , and
hence obtain the value of a.
Calculation of n at 298.15 K for solvent 1 
n-heptane and solvent II propylene carbonate, for a 
series of m-alkoxyphenols^^, gives a value of n = 
-6.15. That n = -6.15 clearly has no physical
signif icance.
3.3 Appli cat i ons
A ) Chromatographic Investigation
Chromatographic data from bonded reverse phase 
liquid systems may be investigated. This application 
is taken to consider ’’transfer” as being the transfer 
of solute from the mobile phase to a particular bonded 
reverse phase (I) and transfer from the same mobile 
phase to another bonded reverse phase (II).
Values of In Kp on various column packing 
materials reported from st udies^G7, with some alkanols 
were used to derive values of a and b.
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Table 5 ranks the column packings in order of 
increasing a. Table 6 ranks the column packings in 
increasing order of b.
This ordering of columns in increasing values of a 
reveals that in general all C j g columns have values of 
a smaller than 1 and all Cg and C£ columns have values 
of a greater than 1 . a values smaller than 1 appear 
to reflect the increasing hydrophobicity of the bonded 
material and a larger than 1 represents surfaces of 
intrinsically more hydrophilic character. a appears 
to sort columns in a logical fashion. The "misplaced" 
columns are both capped viz. Zorbax Cg (capped) and 
RP2 (capped). These columns appear within groups that 
cover longer chain length bonded materials, the Zorbax 
Cg (capped) column appearing amongst the C}g group and 
the RP2 (capped), (a C2 column), appearing amongst the 
Cg columns. It thus appears that capping, which is 
designed to reduce the silanol content of columns and 
produce an increase in carbon content of the bound 
phase, also has the effect of increasing the 
"apparent" chain length of column packings.
The b parameter does not displace capped columns 
but orders them amongst like chain length columns. 
But capping off silanol groups decreases the number of 
hydrophilic groups of the column. However, since b is 
independent of hydrophilic contribution factors, the 
parameter does not rationalize capped and uncapped
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columns.
Table 5 :____Column Order (relative to Partisil 0DS2) as
Determined by Value of a (i.e. a = 1 for 0DS2)
a Column
0.0325 RP18
0.5424 Bondapak C 18
0.7693 Zorbax C8 capped
0.8701 Partisil 0DS3
0.8864 Zorbax ODS
1.0000 Partisil 0DS2
1.0305 Zorbax C8 uncapped
1.1901 RP8
1.3186 Part is i1 C8
1.3893 RP2 capped
1.5488 Partisil C8 (HM)
4.1733 Ultrasphere
4.6795 Zorbax TMS
5.0047 RP2
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Table 6 ; Column Order (relative to Partisil 0DS2) as 
Determined by Value of b (i.e. b = 1 for 0DS2)
b Column
-0.1894 RP2
0.0791 Zorbax TMS
0.4932 U1trasphere
0.5033 RP2 capped
0.5957 Partisil C8 (HM)
0.6463 Part isil C8
0.6689 RP8
0.7316 Partisil 0DS3
0.7325 Zorbax C8 capped
0.7405 Zorbax C8 uncapped
0.7802 Zorbax ODS
0.7847 Bondapak C18
0.9586 RP18
1.0000 Partisil 0DS2
Application of a In Kg versus n plot (refer Cratin 
development section 2.3) to such chromatographic data 
would permit quantitative assessment of the 
incremental contribution towards In Kg per methylene 
group (i.e. the lipophilic portion of the molecule)
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and per parent group. Such values may ultimately 
permit prediction of In Kp values for unknowns. In 
chromatographic systems where partitioning is a 
leading process, it would be possible to select an 
appropriate column for the prescribed molecule.
Further, a thermodynamic description for the 
system that is ^^tr AS^r could be obtained
both for a molecule as a whole, and by appropriate 
manipulation of data, for group contributions.
B ) Application to Biological Systems
The complexity of biological systems has led 
biochemists to search for model systems to help to 
elucidate the essential physicochemical properties of 
living matter. The use of two phase water/organic 
solvents has achieved considerable success.
If some solvent is elected as a reference, viz. 
solvent II and all others are scaled against it, by 
comparison, it may then be possible to select on a 
thermodynamic basis via a or b a bulk solvent which 
most satisfactorily represents a biological membrane. 
The following table 7 gives examples of data extracted 
from the literature7j*74,75,104,109,127,138,139
manipulated to permit estimation of the parameters a 
and b .
b values for transfer of solutes between water and 
bulk solvents and from water to liposomes are given in 
table 8 , where octan-l-ol has been taken as the
276
reference solvent. The a values are not given in this 
case since the markedly different parent groups would 
have been reflected in such data.
---------------------- . . -------------------------  "  -  ^  i *-1 --
Calculated from Literature Data for Transfer of Named
Solutes from Water to Named Solvents, referred to
Transfer to Octan -l-ol
(Various methods were used to study the partitioning
processes).
Solutes studied: benzene, toluene, ethyl benzene,
propyl benzene.
Solvent a b r
cyclohexane 1.17 0.72 0.99
n-pent ane -1.13 1.20 1 . 00
n-hexane -1.09 1.14 0.98
n-decan e -0.64 1.11 0.99
n-hexadecane -0.83 1. 25 0.98
n-butanol -2.30 1.66 0.97
n-pentanol -3.41 1. 83 0.98
n-hexanol -4.83 2.04 0.99
n-heptanol -4.58 1.95 1.00
n nonanol -5.22 2.03 1.00
277
Table 7 (contd.)
Solutes studied: limited numbers of alcohols in the
series methanol to decanol. (No attempt was made to 
recalculate to a common concentration scale because of 
lack of detail in the literature.)
Solvent a b r
dipalmitoyl lecithin 
bilayer
1.85 0. 93 0.99
egg lecithin 
b ilayer
0.16 1.12 1.00
erythrocyte
membranes
2.18 0. 95 1.00
SDS micelles -2.99 1.18 1.00
heptane 1.76 0. 90 1.00
octane 1.13 0.90 1.00
dodecane 1 . 16 1.05 (2 points)
All the b entries relating to the liposomes are in 
the region where more water is present in the 
non-aqueous solvent system than is present at 
saturation in octan-l-ol. Liposomes may be considered 
closer approximations to biological membranes than are 
bulk solvents. Such a comparative study may indicate 
a preferable bulk solvent to mimic membranes although 
it is unlikely that any one solvent will adequately 
represent all the physicochemical properties of a 
biological membrane.
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Liposomes appear to be quite "wet" according to 
this scale. They do not behave like the solvents 
n-heptane and diethyl ether which appear comparatively 
anhydrous. Furthermore, if liposomes can be regarded 
as good models of real biological cells then these 
data imply that membranes are quite "wet". There is, 
however, no extensive data sets yet available to test 
this conclusion.
The data of tables 7 and 8 have been drawn from 
various publications by different authors who, whilst 
studying the same solute, have not controlled 
experimental conditions. Therefore the data must be 
regarded with some caution. However, it is noted that 
A/lXl values appear (relatively) insensitive to 
temperature. Therefore b values derived from studies 
at different temperatures may be of direct use.
It should be noted that generally values of b show 
a considerable numerical range; there is no evidence 
to support the suggestion that such values should be 
around 1.0 (c.f. Kubinyi^^).
Another possible extension of the Collander 
equation is the interrelation of biological systems.
Figure 12 represents the log dose^^* E . coli
versus log dose^ax Staph. aur. for the
m-hydroxybenzoate esters (data extracted from chapter 
6).
The slope of the plot is clearly not = 1 and the
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intercept is not =0. This plot indicates differences 
in response with gram-negative as opposed to 
gram-positive bacteria for both the incremental 
methylene units and the parent group. The additional 
outer cell wall carried by the gram-negative bacteria 
does appear to influence the action of the compounds. 
But this small data set shows only limited
correlation. Further investigation would be required 
to demonstrate such an interrelationship as generally 
applicable.
One particular consequence of such a Q.S.A.R. 
relationship would be ability to predict the behaviour 
of a particular solute towards a pathogenic biological 
system via alternative non-pathog^e-ncc. systems. This 
could be of considerable advantage during drug 
development.
C) a or b?
Both parameters a and b have been demonstrated to 
carry thermodynamic significance. They offer
predictive Q.S.A.R. capacities and the potential for 
rationalizing a number of problems - solvent
selection, phases for chromotographic application, and 
prediction of solute behaviour from one biological 
system to another.
The relative merits of each parameter, and
ultimately their applicability is linked undoubtedly 
to their intrinsic and AMl properties.
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It seems acceptable to scale homologous series 
problems via the b parameter (since the parent group 
is the same throughout and hence of a may be
considered redundant), and indeed, for the most part 
the two scales give very similar trends in scaling 
properties. But, as demonstrated particularly by the 
chromatographic data, the absence of a AjUfj function in 
b does effect the relative positioning of some phases. 
The b parameter is a reflection of lipophilic 
contributions and indicates sensitivity towards change 
for that lipophilic increment. It might be
interesting to compare o-, m- , p- and multiple 
functional group homologues, were such data sets 
available.
However, a reflects both AM j^ and A/Ul contributions 
in solvent systems compared to the reference system 
and must offer ultimately a more realistic scaling 
parameter.
Knowledge of a and b may prove invaluable to 
predictive Q.S.A.R. studies. The thermodynamic base 
is to be preferred to empirical constants and offers 
ultimately rationalization of physicochemical
influences on partitioning behaviour, a leading 
process for a variety of applications.
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1. INTRODUCTION
Q.S.A.R. analyses require measurement of 
biological response (B.R.) to establish the utility of 
parameterized equations. The complex interactions
which constitute biological response are rationalized 
via a leading process such as partition, as in 
L.F.E.R. methods, or via correlation with parameters 
which have no physical meaning, as with the De Novo 
approach. However, either case is limited by the 
difficulties involved in measuring biological 
response.
Classical microbial methods, for example serial 
dilution, agar diffusion and disc methods (refer 
chapter 1 ), require large numbers of observations for 
satisfactory results. These method are labour
intensive, time consuming (4-18 hours), of low
reproducibility and precision, and are open to
subjective errors.
Parameters such as pH, temperature, and in
particular initial inoculum level, often are not 
specified and variation can lead to conflicting 
results. The need for standard protocol has been 
discussed by Davies, Richardson and Anthony^^O, 
Kirshbaum and Arret^^l have outlined standard assay 
details for plate and turbidimetric bioassay of some
commonly used antibiotics. Bowman^42 has listed some- 
specific test organisms suitable for particular
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microbial assays, but to date no standard protocol is 
adopted nor practised universally.
However, it would no longer be necessary to factor 
B.R. physicochemically or empirically if a direct 
measure of B.R. (which was accurate, precise, 
reproducible and straightforward), could be 
demonstrated to have a simple and useful relationship 
with drug structure. One would be able to measure 
B.R. direct and thence correlate B.R. direct with drug 
structure.
1.1 Microcalorimetric Assay of Biological Systems
Microcalorimetry offers a useful analytical tool 
for biological studies. The complex sequence and 
conjunction of chemical events that is metabolism 
results in the evolution of heat which may be 
monitored by a suitable microcalorimetric technique. 
Henceforth, modification by drugs of such metabolism 
may be monitored and assessed.
Most of the studies found in the literature are 
concerned, in the main, with qualitative accounts of 
drug/microorganism interaction. A modest number of 
accounts of quantitative bioassay exist. Both batch 
and flow microcalorimetric techniques have been used 
for the study of microorganisms and microorganism/drug 
interactions.
The pioneering studies of the effect of 
antibiotics on growing microorganisms by
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microcalorimetry were carried out by Prat^^S and 
Zablocki and Czemiaskil44, Prat, using a batch Calvet 
instrument, demonstrated that the addition of 30.0 mg 
of streptomycin (1 ml) to a culture of Escherichia 
coli in broth (4 ml) at 297.4K resulted in a marked 
fall in the power output, which was reduced to one 
tenth the original value after 6 hours. Using a 
stirred culture, the depression of the power-time 
curve was found to be very much more rapid than if a 
static culture was used. The effectiveness of the 
antibiotic was limited by its rate of diffusion 
through the medium in the latter case.
Zablocki et al (modified isoperibol calorimeter) 
found that penicillin (in terms of the latent period 
of action) affected the character of the thermogenesis 
curves of E . coli (6 x 10  ^ cells ml"l) according to 
the phase of growth at which the antibiotic was added 
to the culture.
Binford, Binford and Adler^^S using a stopped-flow 
version of the Beckman microcalorimeter, tested the 
sensitivity of various bacterial species to a variety 
of antibiotics under aerobic and anaerobic 
atmospheres. Results were attained 12-24 hours sooner 
than with disc agar diffusion methods.
Beezer, Volpe, Miles and Hunterl46 measured the 
enthalpies of interaction of a series of 
m-alkoxyphenols with non-growing E . coli using batch
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microcalorimetry. The data was analyzed on the
assumption that the initial relatively rapid 
exothermic process represented the transfer process 
and that the subsequent lengthy endothermie process 
resulted from the biological consequences of the 
transfer process itself. The derived values were 
compared with values of AHtr found for the transfer of 
the solutes from water to octan-l-ol, n-heptane and 
propylene carbonate. The investigation indicated that 
none of the solvent systems were adequate biological 
cell membrane mimics.
Wadsol47 showed that the addition of ampicillin to 
growing cultures of E . coli at 310 K resulted in a 
different power-time curve from that of E . coli 
cultures alone. An L.K.B. flow microcalorimeter was 
used. The experiments indicated that the sensitivity 
of E . coli to ampicillin could be determined by 
microcalorimetry.
Using a flow microcalorimeter, the effect of 
tetracycline (a bacteriostatic antibiotic) on E . coli 
during the experimental growth phase was tested 
(Semenitz and Tiefenbrunner^^^). The addition of 1 or 
3 AXg of tetracycline caused immediate inhibition of 
the heat production of the test bacterial population. 
With the addition of 3,6 or 12 Mg of ampicillin, the 
onset of inhibition was directly dependent upon the 
concentration of the antibiotic. The combined
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addition of 1 Mg of tetracycline and 3 Mg of 
ampicillin effected immediate inhibition as in the 
case of tetracycline and a strong decrease of residual 
activity with practically unchanged bacterial density.
The effects of the antibiotics ampicillin, 
streptomycin, chloramphenicol, tetracycline and 
suIphadimidine on two strains of E . coli have been
studied by flow microcalorimetry (Beezer, Chowdhry, 
Newell and Tyrelll?). The experiments were carried 
out using a semi-defined growth medium and conducted 
at 298 K. Antibiotics were added 50 minutes after the 
addition of 2 x 10  ^cells ml"l to the incubation
vessel. The exponential heat output of the bacteria 
changed upon the addition of antibiotics, the exact 
changes depending on the type and concentration of 
antibiotic.
Beezer, Newell and Tyrell^^ studied the 
interaction of polyene antibiotics and synthetic 
antifungal drugs with the yeast S . cerevisiae. The 
study was one of the first examples of the use of
nitrogen stored inocula to overcome the
inconsistencies of microbial assays which may be
attributed to inoculum size, history and phase of
growth. Flow microcalorimetric experiments at 298 K 
for nystatin raw material with yeast cells gave a 
linear relationship between a response parameter and
the logarithm of the applied dose. Quantitative
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analysis was accessible for these drugs between 10"5 
and 10"6 mol dm"3 levels.
Microcalorimetric determination of phenol 
coefficients for m-alkoxyphenols against Escherichia 
coli (NCT 10418) demonstrated that quantitative data 
may be obtained rapidly (30 minutes per sample test) 
and a precise measure of relative biological potencies 
may be made, with a reproducibility of ^ 2%.
Papers on calorimetry and its application to
biological systems include those by Spink and 
Wadso^^^, Beezer and Chowdryl^, and MonklSl.
Calorimetric bioassays offer advantage over 
classical "equilibrium state" methods by encompassing 
dynamics of biological response. Calorimetry does not 
require optical clarity nor absence of suspended 
material. Also, sensitivity, reproducibility and
time-per-test are better than those of classical
methods. However, flow and batch techniques are 
subject to certain limitations, linked predominantly
to the nature of'the experimental apparatus.
Batch microcalorimetric techniques have certain 
disadvantages. Good (exact) control of gaseous
conditions, particularly aerobic atmospheres, is 
difficult to maintain. Microbial manipulations, such 
as addition of antibiotics to microorganisms, cannot 
be carried out easily without disturbing the thermal 
equilibrium of the system. Temperature equilibration
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of microcalorimetric cell contents in batch systems is 
time consuming. Homogenous mixing of antibiotics and 
microorganisms cannot always be ensured. Physical 
effects such as adsorption of materials to the walls 
of the microcalorimetric cells may pose problems. 
Also, batch techniques do not allow sampling during 
the experimental period and this may cause 
difficulties with interpretation of the power-time 
curves.
The use of flow microcalorimeters is often limited 
by instrument sensitivity towards heat output. The 
heat output of lO^-lO^ cells ml~l cannot be detected. 
The time resolution of the instrument is often low. 
In flow microcalorimeters there is usually a lag time 
between the initiation of a response and its
detection, that is the initial reaction is not 
monitored. There may be changes in microbial
metabolism during transport from the incubation 
vessel. These changes may result from dissolved gas 
concentration variations and temperature variations
along the flow lines. Clogging or sticking of cells 
along flow lines or in the calorimetric cell, as well 
as the presence of gas bubbles, may occur and should 
be avoided. Wall growth of organisms during prolonged 
growth experiments has to be avoided. It is essential 
to clean out the microcalorimetric cells thoroughly in 
between experiments. Finally, the' physical nature of
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the material under study must be amenable to pumping.
Nonetheless the reproducibility, precision, 
accuracy and ease of manipulation of a flow 
microcalorimeter, coupled with the potential for 
mechanistic information from the resultant data, led 
to the selection of the flow technique for bioassay 
method development in this study.
The following chapter outlines the development and 
use of a calorimetric bioassay technique to obtain an 
extensive B.R. data set (- at present no such data set 
exists in the literature). An attempt is made to 
correlate this data set directly with drug structure 
to permit identification of any simple and useful 
structure-activity relationship.
2 . BIOASSAY DEVELOPMENT
The objective was to develop and establish a flow 
microcalorimetric assay which permitted quantification 
of metabolism of cell cultures and evaluation of 
change due to the administration of various dosage 
levels. Critera included:- 
i) accuracy, 
i i) precision, 
i i i) speed, 
i V ) ease of manipulation, and
v) straightforward data handling.
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2 . 1 Selection of Bacteria
Hydroxybenzoates exhibit antibacterial properties 
due to the phenolic functional group. It was proposed 
that doses of such compounds be administered to tw^ o 
independent standard bacterial strains viz. 
Escherichia coli NCTC 10418 ( E . coli) and
Staphylococcus aureus (Staph. aur.). These standard 
strains are readily available and their growth and 
culture conditions are well documented.
E . coli and Staph. aur. are gram-negative and 
gram-positive bacteria respectively, and the following 
table 1 outlines the principle differences between the 
two types.
Both types of bacteria are simple cells. They 
contain no defined organelles except for an area of 
nucleic material. Respiration, via the Krebbs cycle, 
occurs in the mesosomes - small invaginations of the 
inner membrane.
The major distinction between them is that gram- 
negative bacteria carry an additional outer cell 
membrane which offers resistance to drug permeation. 
This cell wall is perforated by small holes called 
porins - hydrophilic channels consisting of outer 
membrane proteins which permit the passage of 
hydrophilic antibodies.
Comparison of the biological response of these two 
types of bacteria should indicate any influence of
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this additional outer cell wall on the mode of action 
of each drug. The two cell types may be considered 
representative of two different "solvent" systems for 
tranfer of the drug. Any significant differences in 
response would highlight the problems associated with 
selection of bulk solvents as membrane mimics.
Table 1 : Outer Layers of Gram-Negative and Gram-
Positive Bacteria
Gram-Negat ive Gram-Pos itive
surface macromol­
ecules of capsule
surface macromol­
ecules of capsule
Outer membrane, 
(liposaccharide, 
protein, phospho­
lipid), 1 inked via 
Braun’s lipoprotein 
to peptidoglycan and 
periplasm
CELL Peptidoglyean and 
WALL teichoic acid
Inner (cytoplasmic) 
membrane
cytoplasmic membrane
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2.2 Liquid Nitrogen Stored Inocula
A principle cause of variation in any microbial 
bioassay system is the use of cultures freshly
prepared on a daily basis. Liquid nitrogen stored
cultures have been shown (Cosgrove, Beezer and
Miles^52) t o improve markedly the reproducibility of
bioassays in plate diffusion and tube procedures. 
They have also been successfully utilized in 
microcalorimetric studies and were adopted therefore 
for use in this study.
2.3 Experimental Medium
In growth medium, typical power-time curves show 
initially an experimental increase in heat output rate 
followed by peaks and troughs^^. If a drug is added 
to the incubation vessel containing the microorganisms 
there will be a difference in the power-time curve 
according to the concentration and timing of the
addition. A typical growth power-time curve
(with/without drug) may require 12 or more hours to 
develop such that the effect of the drug manifests 
itself. Heat output from growth may cancel out any
influence on metabolism by the drug for a number of 
hours before the effects are obvious. The complexity 
of the interactions of growth metabolism tend to
preclude quick assessments of drug effects.
However, drugs may also be administered to
microorganisms which are metabolizing a single
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substrate e.g. respiring glucose. The power-time 
curves obtained are much simpler, since the organism 
may be regarded simply as a source of enzyme, and 
hence if excess substrate (e.g. glucose) is present 
then a zero order reaction (Michaelis-Menten) kinetics 
will result. In general drug effects become apparent 
more rapidly, (but only if the drugs do not require 
growth for effect. For example, sulpharaethoxazole and 
trimethoprim interfere with folic acid systhesis). 
Additionally, preparation of single substrate medium 
is quicker and more straightforward than preparation
of growth medium.
Hence, for speed and simplicity it was proposed
that a single substrate medium be employed in the
bioassay development.
2.4 Measurement of Biological Response
The experimentally observable quantity, the 
average heat output rate (power) ^"^/dt* relative to 
the baseline for a first order reaction with respect 
to a component specified may be expressed as follows
(1),
^  = -R C AH [1-exp(-kr)]exp(-kt) (1)
where,
R is the flow rate,
C is the concentration,
AH is the reaction enthalpy.
296
k is the rate constant,
T is the residence time in the cells, and
t is the time the reaction mixture enters the cell
after mixing the reagents.
Inspection of equation (1) demonstrates the 
potential for assessment of concentration effects and 
extraction of kinetic (and possibly mechanistic)
information.
Typical heat output rates as a function of time
(power-time curves) obtained from flow
microcalorimetric studies are illustrated below, 
(figure 1).
figure 1: Heat Output Rate as a Function of Time for
Typical Zero and First Order Reactions
dq
d t
zero  order
base
line
fime
2.5 Treatment of Response Data
Respiring bacteria will exhibit zero order
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behaviour in excess glucose i.e. in non-growth 
conditions will attain a constant heat output rate due 
to respiration (refer R) over the time span for which 
glucose remains in excess.
The administration of a dose of an antibacterial 
compound to respiring bacteria will, over some portion 
of a concentration range, effect a decayed response 
(refer D) proportional to that concentration and there 
will thus be a first order dependence of biological 
response on such dosage levels.
The effect due to administration of a drug may be 
quantified by measurement at a specified time of x and 
a, where x is the displacement from the baseline at 
time t = 15 minutes, obtained when a concentration of
drug is administered, and a is the displacement from 
the baseline of control at time t = 15 minutes i.e.
when no drug is administered.
Despite the fact that inocula from one preparation 
can be maintained apparently indefinitely in liquid 
nitrogen there is a need for continuity of results 
obtained from experiments on different cell 
preparations. A normalization of response is required 
in the calculations to permit direct comparison of 
results from one cell preparation with those of 
another. Thus the response towards each dosage level 
(expressed as a percentage) was calculated as follows 
(2 ):-
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% response = x 100% (2 )
where,
the displacements of baseline, a and x, were 
measured in millimeters on each power-time curve. 
The criteria for t, the time of the dose at which
X and a  were to be measured, was that time t be as
short as possible. The selection of t was based upon 
measurement of oc at various time intervals of control 
experiments lasting up to 2>^  hours. The
reproducibility of the response at specified time 
intervals was assessed and t thus selected.
3. EXPERIMENTAL
3.1 Chemicals
All chemicals were either A.R. grade or the purest 
grade commercially available, and all were used 
without further purification. Accurately weighed
portions of the study compounds were dissolved and
made up to the required concentrations in 
dimethyIsulfoxide (DMSO).
3.2 Preparation of Cells
(Courtesy of Mr. M. Shafiq and Mr. R. Lipscombe.)
Escherichi a  c^lj_ NCTC 10418 and Staphylococcus
aureus were grown in 250 ml flasks containing 40 ml of 
medium of composition g dm"3; glucose, 4.0; (NH4 )2S0 4 ,
2.0; NaH2P04.2H%0, 7.8; K2HPO4 , 8.4; MgCl2 , 0.13;
CaCOg, 0.003; FeS0 4 .7H2 0 , 0.007; MnCl2 .4 H2 0 , 0.001;
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ZnS04, 0.0005; CaCl2.6H20, 0.0002; CUCI2 .2H2O, 0.0003, 
H3BO3 , 0.0001; Na2Mo0 4 .2H2O, 0.0003; final pH 7.0.
Forty flasks were inoculated with 0.8 ml of an 
overnight culture and incubated at 37°C on a rotary 
shaker (220 r.p.m. Gallenkamp, U.K.). Growth was 
followed by optical density (E.E.L. colorimeter) and 
after 6 hours incubation, at an optical density 
equivalent to 1.2 g dry weight of cells dm"3, the 
cells were pooled, centrifuged, and washed twice in % 
strength Ringers solution containing 10% w/v of DMSO 
at 4 g dry weight of cells dm“ .^ The maximum specific 
growth rate was 0.7 g dry weight of cells dm"3 hour"] 
and the stationary phase organism concentration for 
the medium was 2.0 g dry weight of cells dm"3.
3.3 Freezing of Bacterial Suspensions 
(Courtesy of Mr. M. Shafiq and Mr. R. Lipscombe.)
Cells in 'A*- strength Ringer’s solution containing 
10% DMSO were frozen in liquid nitrogen as follows 
Approximately 2 ml of cell suspension was placed in 12 
X 35 mm sterile propylene screw-in cap ampoules 
(Sterilin Ltd.), and cooled to -90°C in the atmosphere 
above a liquid nitrogen bath. The ampoules were then 
cooled rapidly to -196<^C by plunging into liquid 
nitrogen. The cooling rate was 7^ roin“] between -15^ 
and -65^0, monitored via a separate ampoule containing 
an alcohol thermometer (-120° to 3QOC).
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3.4 Determination of the Viability of the Liquid 
Nitrogen Stored Inocula
(Courtesy of Mr. M. Shafiq.)
Petri dishes containing about 20 ml of nutrient 
agar were prepared 24 hours in advance and dried by 
overnight incubation at 30°C. Viable counts using 
serial 10-fold dilutions were made in sterile 
phosphate buffered solute [g dm"3 distilled
water:NaCl,8 ; K2HPO4 , 1.21; KH2PO4 , 0.34]. Ten
replicate drops (0.02 ml volumes, bacteriological
dropping pipette, Astell) of three dilutions were 
dispensed onto nutrient agar plates. After incubation 
for 24-48 hours at 30^0, counts were calculated from 
those drop areas which contained the highest number of 
colonies (between 5 and 50) not affected by confluence 
or overcrowding. The viable count was expressed as 
colony forming units (c.f.u.) per ml.
3.5 The Microcalorimeter
A flow microcalorimeter fitted with a flow-through 
calorimetric vessel (working volume 0.5 ml) was used, 
(L.K.B. 10700-1, refer chapter 4 for principles of
operation). The temperature of the thermostatic air
bath was maintained at 37°C in a room kept at 25 ±
0 .20c.
The voltage was amplified with a Keithley 150R 
microvoltammeter (nominal setting of 3 m V equivalent 
to 43.2 MV full scale deflection). The power-time
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curves were recorded on a potentiometric recorder.
3 .6 Calorimetric Medium
The glucose buffer solution used for the 
calorimetric medium was phosphate buffer, pH 7.1 ±
0.1 containing g dm"^: D-glucose, 1.80; K2HPO4 , 3.68;
KH2PO4 , 1.32; made to volume with distilled water.
3.7 Calorimetric Method
40 ml of glucose buffer was added to 7 ml DMSO in 
a three-necked vessel, thermostat ted and stirred at 
30®C in a bath external to the microcalorimeter. 
(This volume of DMSO was necessitated by the working 
solubility limits of the higher homologues.)
A continuously flowing loop of the reaction medium 
was established through one calorimeter cell. (The 
other cell system of the calorimeter was filled with 
water.) A pump rate of 0.78 ml min“  ^ was used; 
(calculated from an independent volume of reaction 
medium expelled over a timed period of five minutes.) 
An ampoule of cells was removed from a liquid nitrogen 
cryostat (or from a refrigerator see note 1), thawed 
in a water bath at 37°C for three minutes and shaken 
for one minute. Five minutes after commencement of 
thawing, 0.95 ml of the cell suspension was pipetted 
into the reaction vessel. One minute later 2 ml of 
DMSO (carrying the appropriate amount of study 
compound to give the final concentration as required 
in the reaction vessel or control blank), was added
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to the mixture, with continuous stirring to promote 
homogeneity of the reaction mixture. Thus, the total 
volume of the incubation medium was 49.95 ml 
(comprised of 40 ml glucose buffer, 7 ml DMSO, 0.95 ml 
cell suspension and 2 ml DMSO carrying drug or blank 
as appropriate).
This medium flowed through the calorimeter and the 
heat change associated with the metabolism of glucose, 
under the particular conditions of each assay, was 
registered. The flow microcalorimeter was washed out 
after each incubation with water followed by 
thermostatted glucose buffer prior to the 
establishment of each reaction loop. Overnight, the 
calorimeter was left in 10% RBS solution - a 
commercial surfactant. Approximately fortnightly all 
flow lines were scoured by flushing with 0.1 mol dm~^ 
sodium hydroxide.
note 1: Each ampoule provided 2 x 0.95 ml inocula.
In between experiments, each ampoule with its residual 
contents was stored in a refrigerator (~ 5°C).
Reproducible response levels (± 2%) were achieved
provided the second inoculum was administered within 
2 >^ hours of the original thawing.
4. RESULTS
Five different E . col i batches were used. The 
following data Sire, available.
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Viable Cell Count
E. Coli Batch A 8.51 x 10  ^ c.f.u. ml'l
B 1.34 X  lOlO c.f.u. ml-1
C 2.68 X lOlO c.f.u. m l - 1
(c.f.u. ml~l data is not available for E . coli batches 
D nor E, nor for the Staph, aur. cell batch).
Figures 2 and 3 show power-time curves observed 
for control and compound modified bioassays. The 
control experiment represents the calorimetric repense 
recorded for the respiration of the cells in buffered 
glucose/DMSG. These traces are typical for both E . 
coli and Staph. aur..
Tables 2 to 4 give the bioassay results derived 
for p-, m-, and o-hydroxybenzoat es versus E . coli. 
Each table is followed by graphs (figures 4 to 24) of 
the data. Symbols A, B and C are used to
differentiate E . coli inocula batches, viz. E . coli A, 
B and C respectively. Additionally, table 5 gives the 
bioassay results for each m-hydroxybenzoate ester 
versus Staph, aur. (courtesy of G. Fox). Again the 
table is accompanied by a graph (figure 25) of the 
data. (Only one Staph, aur. inoculum batch was used.)
For comparison, tables 6 to 8 list the bioassay 
results calculated from data generated in this 
laboratory (courtesy of M. Lima) for series of p, m 
and o~alkoxyphenols versus E . coli. Figures 26 to 28
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illustrate the log dose versus response data for each 
alkoxyphenol series versus E . coli. Similarly these 
data sets are derived from two E . coli cell batches 
(not A, B or C), and symbols D and E are used to 
differentiate these batches.
figure 2 ; 
Bioassay
Typical Power-Time Curve for Control
dq^
d t
Base
line
to t l 5
time
figure 3 Typical Power-Time Curve for Compound
Modified Bioassay
Base
line
to t l 5
t im e
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Table 2:
p-Hydroxybenzoates versus Escherichi a Coli
Compound Dose log Dose Response
(m mol dm"3) (%)
methyl 58.8 1.7694 -87
57.3 1.7582 -65
57.3 1.7582 — 64
57.3 1.7582 -49
52. 1 1.7168 — 45
52. 1 1.7168 -42
47.8 1.6794 -34
47.8 1.6794 -31
40.9 1.6117 -24
40.9 1.6117 -22
39.2 1.5933 -88
38.2 1.5821 -12
35.4 1.5490 + 10
28. 6 1.4564 + 8
28.6 1.4564 + 8
26.5 1.4232 + 13
25.1 1.4000 427
23. 1 1.3636 + 46
22.2 1.3464 + 56
19.6 1.2923 -83
Table 2 (con t d .)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
methyl 17.61 1.2458 -82
(contd.) 16.70 1.2227 +49
16.70 1.2227 + 49
14.60 1.1644 +41
14.60 1.1644 + 45
11.80 1. 0719 -76
10.00 1.0000 + 40
8.50 0.9294 + 42
5.88 0.7694 -41
5.88 0.7694 -35
5.30 0.7243 + 24
5.30 0.7243 + 31
3. 92 0.5933 -24
2.00 0.3010 + 23
1.99 0.2989 -19
0.90 -0.0458 + 20
ethyl 30. 6 1.4857 -69
30 . 6 1.4857 -69
25.5 1.4065 -51
Table 2 (contd.)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
ethyl 25.5 1.4065 -50
(contd.) 20.4 1.3096 -27
20.4 1.3096 -26
18.9 1.2764 -21
15.8 1.1987 -20
14.2 1.1523 -19
14.2 1.1523 -19
12.7 1.1038 -10
10.2 1.0086 47
10.2 1.0086 + 10
8.50 0.9294 + 35
1.60 0.2041 + 34
0.60 -0.2218 + 19
propyl 9.80 0.9912 -88
9.29 0.9680 -73
9.29 0.9680 -67
7.90 0.8976 -67
7.90 0.8976 -66
7.60 0.8808 -65
7.20 0.8573 -85
Table 2 (contd.)
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Compound Dose 
(ra moi dm"3)
log Dose Response
(%)
propyl . 6.90 0.8388 -48
(contd.) 6.50 0.8129 -56
5.80 0.7634 -35
5.80 0.7634 -9
5.70 0.7559 -39
5. 10 0.7076 -39
4. 90 0.6902 -40
4.40 0.6438 -20
4.32 0.6355 -20
3.80 0.5798 + 14
2.90 0.4624 + 59
2.30 0.3617 + 35
butyl 4.50 0.6532 -85
3. 10 0.4914 -72
2.80 0.4472 -71
2.50 0.3979 -45
2.20 0.3424 -39
2.00 0.3010 -17
1.80 0.2553 -30
Tab le 2 (contd.)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
butyl 1.80 0.2553 + 8
(contd.) 1.50 0.1761 + 19
1.40 0.1461 + 9
pentyl 4.00 0.6021 -95
2.00 0.3010 -96
1.30 0.1139 -80
1.10 0.0414 -73
1 . 00 0.0000 -52
0. 93 -0.0315 -46
0. 77 -0.1135 -23
0.70 -0.1549 -10
0 . 62 -0.2076 + 5
0.54 -0.2676 + 9
0.46 -0.3372 + 34
0.31 -0.5086 + 33
hexy 1 0.760 -0.1192 -98
0.511 -0.2916 -93
0.380 -0.4202 -74
0. 360 -0.4437 -52
Tab le 2 (contd.)
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Compound Dose 
(m mol dra~2 )
log Dose Response
(%)
hexy 1 0. 250 -0.6021 -16
(contd.) 0.200 -0.6990 + 18
0 . 180 -0.7447 + 27
0. 130 -0.8861 + 41
hepty1 0.770 -0.1135 -94
0.380 -0.4202 -92
0.260 -0.5850 -91
0.200 -0.6990 -90
0.180 -0.7447 -86
0.166 -0.7799 -87
0. 140 -0.8539 -50
0. 130 -0.8861 -51
0.115 -0.9393 -31
0 . 100 -1.0000 -6
0.089 -1.0482 + 20
0.076 -1. 1192 + 35
0.064 -1.1938 + 37
octyl 0.3180 -0.4976 -98
0.1060 -0.9747 -88
Tab le 2 (contd,)
311
Compound Dose 
(m mol dra“3)
log Dose Response
(%)
octyl 0.0670 -1.1739 -75
(con t d .) 0.0530 -1.2757 —46
0.0504 -1.2976 -34
0.0448 -1.3487 -22
0.0392 -1.4067 -7
0.0334 -1.4763 17
0.0302 -1.5200 28
0.0280 -1.5528 14
0.0265 -1.5768 -56
0.0224 -1.6498 34
0.0168 -1. 7747 20
decy 1 0.782 -0.1068 -25
0.391 -0.4078 -27
0. 165 -0.7825 -10
0.082 -1.0862 -15
0.025 -1.6021 -7
0.017 -1.7696 -7
0.013 -1.8861 -5
0.008 -2.0969 -6
0.004 -2.3979 -2
Tab le 2 (contd. )
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
dodecyl 0.485 -0.3143 -61
0.323 -0.4908 -44
0.242 -0.6162 -47
0 . 162 -0.7905 -41
0.081 -1.0915 — 54
0.048 -1.3188 -40
0.016 -1.7959 -33
isobutyl 8.35 0.9217 -95
2.78 0.4440 -58
1. 95 0.2900 -51
1 . 67 0.2227 -39
1.53 0.1849 -24
1.39 0.1430 -6
1.25 0.0969 -14
0.848 -0.0716 + 4
0.696 -0. 1574 + 17
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Table 3 :____Values of Dose, log Dose and Response for
m-Hydroxybenzoates versus Escherichia coli.
Compound Dose 
(m mol dm~3)
log Dose Response
(%)
methyl 168. 0 2.2253 -77
84.9 1.9289 -87
56.2 1.7497 -72
52.6 1.7210 -38
35. 1 1.5453 -13
28. 1 1.4487 -42
ethyl 25.20 1.4014 -89
12.60 1.1004 -62
8.41 0.9248 -46
4.21 0.6243 -26
propyl 11.00 1.0414 — 8 0
5.48 0.7388 -62
2.74 0.4378 -38
1.37 0.1367 -22
butyl 4.23 0.6263 -87
4. 14 0.6170 -78
3.98 0.5999 -84
Tab 1e 3 (contd. )
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Compound Dose
(m mol dm"3)
log Dose Response
(%)
butyl 
(con t d .)
3.45 0.5378 - 6 6
2.82 0.4502 -82
2 . 80 0.4472 -44
2. 04 0.3096 -81
1.99 0.2989 -74
1.92 0.2833 -68
1 . 90 0.2788 -31
1.86 0.2695 -73
1.84 0.2648 -51
1.77 0.2480 -33
1.72 0.2355 -45
1.70 0.2304 -26
1.63 0.2122 -2
1.56 0.1931 -8
1.46 0.1644 -7
1.42 0.1523 -9
1.40 0.1461 -37
1 . 36 0.1335 -11
1.32 0.1206 -11
0.928 -0.0325 -19
0.531 -0.2749 -7
Tab le 3 (contd.
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
pentyl 1.510 0.]790 -77
1. 130 0.0531 -40
0.755 -0.1221 -40
0.377 -0.4237 — 8
hexy 1 5.510 0.7412 -108
1 . 840 0.2648 -105
0.919 -0.0367 -94
0.783 -0.1062 -126
0.626 -0.2034 -49
0.543 -0.2652 -30
0.500 -0.3010 -25
0.291 -0.5361 -58
0.261 -0.5834 -77
0.261 -0.5834 -42
0.261 -0.5834 -35
0.261 -0.5834 -30
0.238 -0.6234 -40
0.225 -0.6478 -34
0.211 -0.6757 -32
0.209 -0.6800 + 3
Tab le 3 (contd. )
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
hexy 1 0. 198 -0.7033 -12
(con td.) 0. 185 -0.7328 -1
0. 159 -0.7986 + 18
0. 132 -0.8794 + 12
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*4 UJ
Q  L U
ü *
0
G
, I 10 o
..I «-* o o
I N O O
I (M 10 O
I (0 O O
..I m 10 O
LU
1 o o
o
Q.w
ÜJ
I 10 CD
N
I 10 Q O
I 10 10 O
I CD O O
I (0 10 Q
1 ^ 0 0
M O  Q
ü
0
J
N
O
-J G Ü a Q CD UJ
CD O O
333
figure 20
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Table 4 :____Values of Dose, log Dose and Response for
o-Hydroxybenzoales versus Escherichia coli
C ompound Dose 
(m mol dm"3)
log Dose Response
(%)
propy1 10.10 1.0043 -78
4.77 0.6785 -77
1. 88 0.2742 -77
1. 37 0.1367 -63
0. 815 -0.0888 -23
0. 680 -0.1675 -11
butyl 1.160 0.0645 -65
0.772 -0.1124 -73
0.579 -0.2373 -71
0.386 -0.4134 -24
0. 322 -0.4921 -14
0. 193 -0.7144 -2
pentyl 1 . 680 0.2253 -20
0.854 -0.0685 -35
0.609 -0.2154 -44
0.427 -0.3696 -22
0.305 -0.5157 -21
Table 4 (con td.)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
hexy 1 2.130 0.3284 -17
1.330 0.1239 -28
0.812 -0.0904 -30
0.537 -0.2700 -19
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Table 5: Values of Dose, log Dose and Response for
m-Hydroxybenzoates versus Staphylococcus Aureus*
Compound Dose 
(m mol dm"3)
log Dose Response
(%)
methyl 73.7 1.8675 -87
63. 2 1.8007 -71
55. 3 1.7427 -65
42. 1 1.6243 -30
24.6 1.3909 -18
ethyl 57.8 1.7619 -99
28.9 1.4609 -94
19.3 1.2856 -88
14.5 1.1614 -70
13.3 1.1239 -58
12.1 1.0828 -36
9.64 0.9841 -24
propyl 21 . 8 1.3385 -96
10.9 1.0374 -72
10.2 1.0086 -59
9.78 0.9903 • -49
* data courtesy of G. Fox
Table 5 (contd.)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
propyl 8.71 0.9400 -32
(contd.) 7.26 0.8609 -6
5.44 0.7356 0
butyl 12.40 1.0934 -100
6.18 0.7910 -98
4.12 0.6149 -79
3.83 0.5832 -69
3.53 0.5478 -57
3.09 0.4900 -38
2.25 0.3522 -7
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p-Alkoxvphenols versus Escherichia coli*
Compound Dose log Dose Response
(m mol dm“3) (%)
methoxy 41 . 1 1.6138 -87
37.4 1.5729 -69
34.4 1.5366 -58
31.2 1.4942 -50
ethoxy 20.3 1.3075 -88
19.4 1.2878 -79
18.0 1.2553 -65
16.8 1.2253 -55
propoxy 5.89 0.7701 -85
5.43 0.7348 -82
5.01 0.6998 -66
4. 68 0.6702 -55
butoxy 2.82 0.4502 -86
2.24 0.3502 -78
1. 67 0.2227 -65
1.51 0.1790 -61
* data courtesy of M. Lima
Table 6 (contd.)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
butoxy 1.32 0.1206 -55
(contd.)
pentoxy 0. 974 -0.0114 -97
0.843 -0.0742 -87
0.708 -0.1500 -70
0.600 -0.2218 -61
0.501 -0.3002 -42
hexoxy 0.269 -0.5702 -92
0.257 -0.5901 -77
0.240 -0.6198 -62
0.230 -0.6383 -61
0.225 -0.6478 -64
0.214 -0.6696 -52
heptoxy 0. 100 -1.0000 -91
0.089 -1.0506 -76
0.079 -1.1024 -61
0.071 -1.1487 -52
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iii-A 1 koxyphenol s versus Escherichia coli *
Compound Dose log Dose Response
(m mol dm" 3) (%)
ethoxy 15. I 1.1790 -88
12.7 1.1038 -78
10.8 1.0334 -70
10.0 1.0000 -50
butoxy 1.62 0.2095 -81
1.41 0.1492 -69
1.26 0.1004 - 61
pentoxy 0.631 -0.2000 -93
0.597 -0.2240 -89
0.562 -0.2503 -74
0.500 -0.3010 -65
* data courtesy of M. Lima
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Tab 1e 8 :____Values of Dose, log Dose and Response for
o-Alkoxyphenols versus Escherichia coli*
Compound Dose 
(m mol dm"3)
log Dose Response
(%)
methoxy 86. 1 1.9350 -87
67.7 1.8306 -67
57.4 1.7589 -58
47.0 1.6721 -43
ethoxy 41.8 1.6212 -88
36.4 1.5611 -80
32.5 1.5119 -67
29.9 1.4757 -89
29. 9 1.4757 -64
27.7 1.4425 -61
25.2 1.4014 -83
22.4 1.3502 -74
20.0 1.3010 -58
propoxy 15.2 1.1818 -98
13.6 1.1335 -90
12. 1 1.0828 -78
11.4 1.0569 -71
* data courtesy of M. Lima
Table 8 (contd.)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
propoxy 
(contd.)
10.3 1 . 0128 -61
butoxy 3.16 0.4997 -89
2.92 0.4654 -81
2.63 0.4200 -69
2.43 0.3856 -40
pent oxy 1.55 0.1903 -92
1.49 0.1732 -86
1.40 0.1461 — 81
1 . 23 0.0899 -70
0.998 -0.0009 -91
0. 883 -0.0540 -85
0.785 -0.1051 -80
hexoxy 0.355 -0.4498 -87
0.316 -0.5003 -73
0.289 -0.5391 -65
0.269 -0.5702 -58
Table 8 (contd.)
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Compound Dose 
(m mol dm"3)
log Dose Response
(%)
heptoxy 0. 145 -0.8386 -84
G. 135 -0.8697 -77
0.123 -0.9101 -61
0.114 -0.9431 -53
0.112 -0.9508 -52
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In general, biological response versus
concentration of drug forms a sigmoidal curve. (A 
number of the data sets obtained for log dose of drug 
versus % response spanned concentration ranges 
sufficient to demonstrate such a relationship.) Every 
case demonstrated a linear relationship (i.e. within 
the central portion of such a sigmoidal 
interrelationship) between the log dose of drug and % 
response parameters.
Methyl through to octyl and isobutyl 
p-hydroxybenzoates all exhibited "excess over control" 
responses i.e. positive % response. None of the other 
compounds studied showed similar results although it 
was noted that in general the data sets for the other 
compounds were not so extensive.
Reference figure 4: Methyl p-hydroxybenzoate
versus E . col i cell batches A and B (two data points 
only for the latter) gave coincident log dose drug 
versus % response results. However, the result
pattern for batch C was markedly different. Batch C 
cells appeared less sensitive to changes in the 
concentration of drug administered over the linear 
portion of the response pattern, i.e. the gradient of 
this portion was more steep than that for cell batches 
A and B. The % response limits for this portion were 
closer together. Also, no deflections in excess of 
control were observed for incubations of batch C
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E . C O  1i treated with doses of methyl p-hydroxybenzoate.
Reference figures 6 and 7: Propyl and butyl
p-hydroxybenzoates versus E . coli. Batch B gave a 
data point coincident with batch A results.
Reference figures 12 and 13; Decyl and dodecyl
p-hydroxybenzoates versus E . coli. The response
patterns were markedly different for both these
esters. Even over a comparatively large dose
concentration range, death of the cells ( E . coli) did
not result. The cells appeared extremely insensitive 
to changes in dosage level.
Reference figure 14: Isobutyl p-hydroxybenzoate
versus E . coli. The response pattern for the branched 
chain isobutyl ester was similar to all other p-
homologues except decyl and dodecyl esters.
Reference figure 15: Methyl m-hydroxybenzoate
versus E . coli contains data derived from two
different cell batches viz. B and C. The limited data 
gave no indication of any difference in response 
towards the compound from one cell batch to the other.
Reference figure 18: Butyl m-hydroxybenzoate
versus E . coli. The data obtained showed coincidence 
of results for cell batches A and B, but not cell
batch C, which gave a linear pattern at a higher log
dose compound range. Batch C has a more negative %
response cut off point to linearity (c.f. methyl 
p-hydroxybenzoate versus E . coli).
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Reference figure 20: Hexyl m-hydroxybenzoate
versus E . coli. There was considerable scatter of 
experimental results obtained. (Only one cell batch, 
B, was employed for this study.) Poor dosage level 
discrimination was apparent.
Reference figures 23 and 24: Pentyl and hexyl
o-hydroxybenzoates versus E . coli. The response
patterns for the pentyl and hexyl esters were
different from those of the propyl and butyl esters, 
the latter paralleled the majority of patterns found 
during the bioassay study. The pentyl and hexyl 
o-hydroxybenzoates showed very limited dose level
discrimination (c.f. decyl and dodecyl
p-hydroxybenzoates).
Reference figure 25: Methyl to butyl
m-hydroxybenzoate esters versus Staph. aur.. The
response patterns for m-hydroxybenzoates versus Staph, 
aur. are similar to those generated for the compounds 
versus E . coli. However there appeared to be no
"excess over control" responses.
Reference figure 26: P-alkoxyphenols versus E .
coli. The response line for the p-butoxypheno1 versus 
E . coli showed less sensitivity to changes in dose 
levels (response -40 -» -95%) than any of the other
homologues investigated.
Reference figure 28: 0-alkoxyphenols versus
coli. The results show discrimination of response for
355
cell batches D and E. The limited data available for 
the o-pentoxyphenol indicated a less sensitive response 
to changes in dose levels versus batch D cells.
4.1 Treatment of Results
The linear sections of each (sigmoidal) log dose 
versus % response curve were extrapolated to zero % 
response i.e. the maximum (theoretical) concentration 
of each drug that should give a response which does 
not differ from the control response. This parameter 
was designated log dose^ax. Log dose^g* was selected 
to permit comparison of the biological response data 
obtained for homologues of each series.
Tables 9 to 11 list the regression parameters for 
each compound series (versus E . coli and Staph. aur.), 
generated from least squares treatment of data as 
appropriate. Where different cell batch data gave 
coincident results combined data sets were analyzed.
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5 .  D I S C U S S I O N
T h e  g r a d i e n t s  t h u s  o b t a i n e d  i n d i c a t e  n o  p a r t i c u l a r  
t r e n d  t h r o u g h o u t  e a c h  s e r i e s ,  n o r  p a r t i c u l a r  t r e n d s  
b e t w e e n  s e r i e s .  H o w e v e r ,  l o g  d o s e ^ a x  d a t a  f o r  e a c h  
s e r i e s  p r e d o m i n a n t l y  d e c r e a s e s  w i t h  c a r b o n  n u m b e r  o f  
t h e  s i d e  c h a i n .
F i g u r e  2 9  i l l u s t r a t e s  l o g  d o s e ^ a x  v e r s u s  c a r b o n  
n u m b e r  o f  t h e  s i d e  c h a i n  f o r  p - , m -  a n d  o -  
h y d r o x y b e n z o a t e  e s t e r s :  o r g a n i s m  E . c o l i . I n  g e n e r a l
t h e  r e s u l t s  a r e  c o i n c i d e n t  s h o w i n g  l o g  d o s e ^ g *  
d e c r e a s i n g  w i t h  i n c r e a s i n g  c a r b o n  n u m b e r .  E x c e p t i o n s  
a r e  p e n t y l  a n d  h e x y l  o - h o m o l o g u e s .
F i g u r e  3 0  i l l u s t r a t e s  l o g  d o s e ^ g ^  v e r s u s  c a r b o n  
n u m b e r  f o r  t h e  m - h y d r o x y b e n z o a t e  s e r i e s  v e r s u s  S t a p h . 
a u r . . A g a i n  l o g  d o s e ^ a x  d e c r e a s e s  w i t h  i n c r e a s i n g  
c a r b o n  n u m b e r .  T h e  d a t a  v a l u e s  c o v e r  a  r a n g e  s i m i l a r  
t o  t h a t  f o r  E . c o l i .
C o i n c i d e n t  t r e n d s  a r e  a l s o  d e m o n s t r a t e d  b y  t h e  
t h r e e  s e r i e s  o f  a l k o x y p h e n o l s  ( E . c o l i ) .  r e f e r  f i g u r e
3 1 .
T h e  g r a d i e n t s  f o r  p - h y d r o x y b e n z o a t e  e s t e r s  a n d  o - , 
m -  a n d  p - a 1 k o x y p h e n o 1 s  ( v e r s u s  E . c o l i ) a r e  s i m i l a r .  
T h i s  m a y  h a v e  b e e n  p r e d i c t e d  s i n c e  e a c h  e x p r e s s e s  A C H 2 
i n c r e m e n t s .  C l o s e r  i n s p e c t i o n  o f  r e g r e s s i o n
p a r a m e t e r s  i n d i c a t e s  s o m e  s t e r e o c h e m i c a l  i n f l u e n c e s .  
T h e r e  i s  a  m a r k e d  s i m i l a r i t y  i n  v a l u e s  f o r  t h e  o -  a n d  
p - a l k o x y p h e n o l  s  a s  c o m p a r e d  t o  t h e  m-- e s t e r s .
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( P a r a l l e l  c o m p a r i s o n  w i t h  o - ,  m -  a n d
p - h y d r o x y b e n z o a t e s  i s  n o t  p o s s i b l e  d u e  t o  t h e  v a r i o u s  
c e l l  b a t c h e s  u s e d  f o r  t h e  b i o a s s a y s . )
H o w e v e r ,  c o m p a r i s o n  o f  t h e  i n t e r c e p t  v a l u e s  f o r  
t h e  p - h y d r o x y b e n z o a t e s  a n d  p - a l k o x y p h e n o l s
c o r r e s p o n d i n g  t o  t h e  r e l e v a n t  p a r e n t  g r o u p
c o n t r i b u t i o n s  i n d i c a t e s ,  p e r h a p s  s u r p r i s i n g l y ,  l i t t l e  
i f  a n y  d i f f e r e n c e .
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6 . C O N C L U S I O N S
T h e  m e a s u r e m e n t  o f  % r e s p o n s e  a s  d e f i n e d  m a y  b e  
c o n s i d e r e d  t o  b e  a  q u i c k  a n d  r e p r o d u c i b l e  a s s e s s m e n t  
o f  b i o l o g i c a l  r e s p o n s e .
I t  w a s  n o t e d  t h a t  t h e  " n o r m a l i z e d "  d a t a  f o r  E . 
c o l i  c e l l  b a t c h  C  d i d  n o t  y i e l d  r e s u l t s  c o i n c i d e n t  
w i t h  t h o s e  f r o m  b a t c h e s  A  a n d  B .  ( D i f f e r e n c e s  i n  
r e s p o n s e  b e h a v i o u r  w e r e  d e m o n s t r a t e d  b y  b o t h  d e g r e e  
a n d  s e n s i t i v i t y ,  i n d i c a t i n g  f u n d a m e n t a l  v a r i a t i o n ( s  ) . ) 
C o n s i d e r a b l e  e x p e r i m e n t a l  d i f f i c u l t i e s  h a d  b e e n  
e n c o u n t e r e d  i n  t h e  p r e p a r a t i o n  o f  b a t c h  C  c e l l s  a n d  i t  
w a s  f e l t  t h a t  t h e s e  d i f f i c u l t i e s  m a y  h a v e  u l t i m a t e l y  
m a n i f e s t e d  t h e m s e l v e s  i n  t h e  p h y s i o c h e m i c a l  n a t u r e  o f  
t h e  c e l l s .  T h e  d i s p l a c e m e n t  o f  c o n t r o l  r e s p o n s e  ( m m )  
a t  t i m e  = 1 5  m i n u t e s  p e r  c o l o n y  f o r m i n g  u n i t  m l “ ^
( c . f . u .  m l " l )  f o r  c e l l  b a t c h e s  A  a n d  B  w e r e  
c o m p a r a b l e ,  u n l i k e  t h e  v a l u e  o b t a i n e d  f o r  c e l l  b a t c h  
C .  T h e  l a t t e r  s h o w e d  m a r k e d l y  l e s s  t h e r m a l  a c t i v i t y  
p e r  c . f . u .  m l " l  ( s e e  t a b l e  1 2 ) .
T a b  l e  1 2 j  c . f . u .  m l ~ ^  a n d  C o n t r o l  D i s p  1 a c e m e n t D a t a
f o r  E . c o l i
B a t c h  
E .  c o l i
c . f . u .  m l  1 C o n t r o l  
D  i s p 1 a c e r a e n  t 
( m m ) t " 1 5  m i n
D i s p ] a c e r a e n t  
/ c . f . u .  m l ' l
A 8 . 5 1 x 1 0 9 9 9 .  0 1 . 1 6 x 1 0 - 8
B 1 . 3 4 x l 0 l 0 1 6 6 . 5 1 . 2 4 x 1 0 - 8
C 2 . 6 8 x l O l O 1 7 1 . 5 0 . 6 4 x 1 0 - 8
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T h e  g e n e r a l  s h a p e  o f  t h e  p o w e r - t i m e  t r a c e s  w a s  
s i m i l a r  i n d i c a t i n g  t h a t  t h e  s a m e  m e c h a n i s m  w a s
o p e r a t i n g  i n  a l l  c e l l  b a t c h e s .  N o n e t h e l e s s  t h e
b i o a s s a y  r e s u l t s  c l e a r l y  i n d i c a t e d  d i f f e r e n c e s .  I t  
a p p e a r s  t h a t  m i c r o c a l o r i m e t r y  m a y  b e  u s e d  t o  s c r e e n  
b a c t e r i a l  s u s p e n s i o n s  f o r  m i n o r  v a r i a t i o n s  i n
b i o l o g i c a l  r e s p o n s e  c h a r a c t e r i s t i c s .  I n d e e d ,  i t  i s  
a l r e a d y  k n o w n  t h a t  d i f f e r e n t  b a c t e r i a l  c e l l  t y p e s  g i v e  
d i f f e r e n t  c h a r a c t e r i s t i c  p o w e r - t i m e  t r a c e s ,  b u t  i t  
a p p e a r s  t h a t  f u r t h e r  d i s c r i m i n a t i o n  i s  p o s s i b l e  w i t h i n  
n o m i n a l l y  t h e  s a m e  c e l l  t y p e .  ( I t  i s  n o t e d  t h a t  s u c h  
a  g a u g e  w o u l d  r e l a t e  t o  t h e  r e p r o d u c i b i l i t y  o f  c e l l
p r o p e r t i e s  p e r t i n e n t  t o  t h e  m e t a b o l i c  m e c h a n i s m  u n d e r  
s t u d y . )
S u c h  c a l o r i m e t r i c  m e a s u r e m e n t s  o f  B . R .  m a y  b e  
a c h i e v e d  i n  a p p r o x i m a t e l y  t w e n t y  f i v e  m i n u t e s  p e r
a s s a y  -  c o n s i d e r a b l y  f a s t e r  t h a n  c l a s s i c a l  b i o a s s a y  
t e c h n i q u e s  s u c h  a s  a g a r  p l a t e  d i f f u s i o n  o r  t u b e  
d i l u t i o n  m e t h o d s .
M e a s u r e m e n t  o f  B . R .  a t  t i m e  t = 1 5  m i n u t e s
i n c o r p o r a t e d , a  t i m e  f a c t o r  i n t o  t h e  a s s a y .  B . R .  i s  a n  
e q u i l i b r i u m  s t a t e m e n t  w h e n  c l a s s i c a l  t e c h n i q u e s  a r e
e m p l o y e d .
T h e  m i c r o c a l o r i m e t r i c  b i o a s s a y  d e m o n s t r a t e d  
a n a l y t i c a l  s e n s i t i v i t y  t o w a r d s  c o n c e n t r a t i o n  e f f e c t s .  
A  s i g m o i d a l  r e l a t i o n s h i p  b e t w e e n  c o n c e n t r a t i o n  a n d
r e s p o n s e  e x i s t e d .  L i n e a r  p o r t i o n s  o f  t h e  r e s p o n s e
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p r o f i l e s  w e r e  u t i l i z e d  t o  c a l c u l a t e  a  c o m p a r a t i v e  
p a r a m e t e r  ( l o g  d o s e ^ a x )  f o r  e a c h  h o m o l o g u e .  L o g  
d o s e j n a x  w a s  t h e  p a r a m e t e r  c o n v e n i e n t l y  d e r i v e d  f r o m  
e x t r a p o l a t i o n  t o  z e r o  r e s p o n s e  c o n c e n t r a t i o n  o f  e a c h  
d r u g  i . e .  t h e  c r i t i c a l  t h r e s h o l d  c o n c e n t r a t i o n  
r e q u i r e d  b e f o r e  a n y  m o d i f i c a t i o n  o f  b i o l o g i c a l  
r e s p o n s e  o c c u r e d .
L o g  d o s e j j j a x  p a r a l l e l s  p a r a m e t e r s  s u c h  a s  M . I . C .  
( m i n i m u m  i n h i b i t o r y  c o n c e n t r a t i o n )  i n  t h a t  i t  r e f l e c t s  
a  m e a s u r e  o f  a  l i m i t i n g  c o n c e n t r a t i o n .  T h e
r e l a t i o n s h i p  o f  M . I . C .  a n d  c h a i n  l e n g t h  f o r  t h e  
p - h y d r o x y b e n z o a t e  e s t e r s  v e r s u s  C l o s t r i d i u m  b o t u l i n u m  
h a s  b e e n  r e p o r t e d  b y  D y m i c k y  a n d  H u h t a n e n ^ .  T a b l e  1 3  
g i v e s  t h e  l o g  M . I . C .  v e r s u s  c a r b o n  n u m b e r  i n  t h e  s i d e  
c h a i n  d a t a  e x t r a c t e d  f r o m  t h i s  p a p e r .  T h e  d a t a  
c o m p a r e s  f a v o u r a b l y  w i t h  t h e  l o g  d o s e ^ g *  v e r s u s  n  d a t a  
o b t a i n e d  f o r  p - h y d r o x y b e n z o a t e s . T h e r e  i s  a
d e c r e a s i n g  f ( c o n c e n t r a t i o n )  w i t h  c h a i n  l e n g t h  u n t i l  
c a r b o n  n u m b e r  1 2  a f t e r  w h i c h  l o g  M . I . C .  i n c r e a s e s  w i t h  
n .
T a b  l e  1 3 : __________ M i n i m u m  I n h i b i t o r y  C o n c e n t r a t i o n  f o r
p - H y d r o x y b e n z o a t e  E s t e r s V e r s u s  C l o s t r i d i u m  b o t u l i n u m ^
C o m p o u n d l o g  M . I . C .
m e t h y l 0 . 8 1 8
e t h y l 0 . 3 8 1
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Table 13 (con t d . )
C o m p o u n d l o g  M . I . C .
p r o p y l 0 . 3 4 6
b u t y l 0 . 0 1 3
p e n  t y 1 - 0 . 3 1 9
h e x y l - 1 . 0 4 6
h e p t y l - 1 . 3 7 3
o c t y l - 2 . 0 0 1
n o n y l - 2 . 6 4 4
d e c y l - 2 . 6 6 7
u n d e c y 1 - 2 . 9 8 9
d o d e c y l - 2 . 8 8 4
C l 3 - 2 . 7 2 8
Ci4 - 2 . 3 2 0
C l 6 - 1 . 5 5 9
C l 8 - 1 . 2 9 1
R e g r e s s i o n  D a t a
. C j  -  C ] 2 i n c l u s i v e
G r a d i e n t : - 0 . 3 8 7
I n t e r c e p t  : 1 . 3 2
C o r r e l a t i o n - 0 . 9 8 3 7
C o e f f i c i e n t :
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L o g  d o s e ^ a x  i s  a  s y n t h e t i c  p a r a m e t e r  w h i c h  i n
p r a c t i c e  w a s  n o t  n e c e s s a r i l y  " r e a l " .  ( I n  g e n e r a l ,  
t h i s  m a y  a l s o  a p p l y  t o  f ( c o n c e n t r a t i o n )  w h i c h  r e l a t e s  
t o  5 0 %  o r  e v e n  1 0 0 %  d e a t h  o f  t h e  t e s t  o r g a n i s m . )  I n  
t h i s  s t u d y  l o g  d o s e ^ a x  w a s  r e a l  o n l y  f o r  t h e  
p - h y d r o x y b e n z o a t e  e s t e r s  ( n o t  d e c y l  n o r  d o d e c y l )  a n d  
f o r  t h e  m - h e x y l  e s t e r ,  i . e .  t h e  r e s p o n s e  p a t t e r n  
c r o s s e d  t h e  z e r o  r e s p o n s e  l i n e  a n d  a n  " e x c e s s  o v e r  
c o n t r o l "  r e s p o n s e  o c c u r r e d .  H o w e v e r ,  a n y  " e x c e s s  o v e r  
c o n t r o l "  r e s p o n s e  w a s  r e q u i r e d  t o  s h o w  w i t h i n  t h e  
f i r s t  1 5  m i n u t e s  o f  t h e  r e s p o n s e  p r o f i l e  i n  t h i s  
s t u d y .  T h e  e x p l a n a t i o n  o f  t h e  " e x c e s s  o v e r  c o n t r o l "  
i s  t h a t  s m a l l  c o n c e n t r a t i o n s  o f  t h e  c o m p o u n d  d a m a g e
t h e  m e m b r a n e  a n d  t e m p o r a r i l y  a l l o w  r e a d i e r  a c c e s s  t o  
g l u c o s e  t h u s  r a i s i n g  m e t a b o l i c  a c t i v i t y .  ( T h e  c e l l s  
h o w e v e r  d o  e v e n t u a l l y  s u c c u m b  t o  t h e  d r u g . )
I n  g e n e r a l ,  l o g  d o s e ^ a x  v e r s u s  n  i s  l i n e a r ,  a n d
t h e r e f o r e  l o g  d o s e ^ a x  nisi Y  b e  c o n s i d e r e d  a  q u a n t i t a t i v e  
s t r u c t u r e - a c t i v i t y  p a r a m e t e r .
L o g  d o s e ^ a x  v e r s u s  c a r b o n  n u m b e r  i n  t h e  s i d e  c h a i n  
i s  ] i n e a r  , a n d  l o g  f o r  t h e  p r o c e s s  v e r s u s  c a r b o n
n u m b e r  w i l l  a l s o  b e  l i n e a r  i f  o n e  a s s u m e s  p a r t i t i o n i n g  
t o  b e  t h e  d o m i n a n t  f a c t o r  o f  t h e  m o d e  o f  a c t i o n .
H e n c e  i t  m a y  b e  s a i d  t h a t  t h e r e  e x i s t s  a  L . F . E . R .  f o r  
b i o l o g i c a l  r e s p o n s e ,  s i n c e  A G  = - R T l n K p ,  a n d  a  g r o u p  
a d d i t i v i t y  s c h e m e  m a y  b e  e s t a b l i s h e d  v i a  l o g  d o s e ^ ü x '  
B . R .  m a y  b e  s e p a r a t e d  i n t o  p a r e n t  g r o u p  c o n t r i b u t i o n
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a n d  i n c r e m e n t a l  ( m e t h y l e n e )  g r o u p  c o n t r i b u t i o n s .  L o g  
d o s C j j j a x  v e r s u s  n  h a s  a n  i n t e r c e p t  t h a t  c o r r e s p o n d s  t o  
t h e  h y p o t h e t i c a l  c o n c e n t r a t i o n  o f  t h e  p a r e n t  s t r u c t u r e  
r e q u i r e d  t o  e l i c i t  z e r o  r e s p o n s e ,  a n d  t h e  s l o p e  
e x p r e s s e s  t h e  i n c r e m e n t a l  m e t h y l e n e  u n i t  c o n t r i b u t i o n  
t o  z e r o  r e s p o n s e .
L o g  d o s e ^ a x  h a s  t h e  a d v a n t a g e  o v e r  Q . S . A . R .
p a r a m e t e r s  s u c h  a s  n ,  o r  C g  e t c .  i n  t h a t  i t  r e s u l t s  
f r o m  d i r e c t  i n  v i t r o  B . R .  m e a s u r e m e n t s .  I t  d o e s  n o t
r e q u i r e  B . R .  t o  b e  f a c t o r e d  v i a  p h y s i c o c h e m i c a l
p r o p e r t i e s  w h i c h  p a r a l l e l  e q u i l i b r i u m  B . R .  s t a t e m e n t s ,  
t h e  l a t t e r  o f t e n  b e i n g  d e r i v e d  f r o m  p o o r l y
r e p r o d u c i b l e  t e c h n i q u e s .  H e n c e  i t  m a y  b e  p o s s i b l e  t o  
d i s p e n s e  w i t h  Q . S . A . R .  p a r a m e t e r s  s u c h  a s  tt, C g  e t c .
a n d  t o  a s s e s s  q u a n t i t a t i v e  s t r u c t u r e - a c t i v i t y  
r e l a t i o n s h i p s  f o r  B . R .  d i r e c t l y .  L o g  d o s e ^ g x  o f f e r s
c o n s i d e r a b l e  p o t e n t i a l  a s  i t  h a s  b e e n  d e m o n s t r a t e d  t o  
h o l d  f o r  s e r i e s  o f  c o m p o u n d s .  I t  a l s o  h a s  t h e
a d v a n t a g e  o f  b e i n g  a  t i m e  r e l a t e d  p a r a m e t e r .
T h e  i n t e r c e p t  v a l u e s  f o r  l o g  d o s e ^ a x  v e r s u s  n  a r e  
d i f f e r e n t  f o r  o - , m -  a n d  p -  e s t e r s ,  i n d i c a t i n g  t h a t
l o g  d o s c j n a x  c a n  d i s c r i m i n a t e  b e t w e e n  c l o s e l y  r e l a t e d  
i s o m e r s  a s  w e l l  a s  b e t w e e n  h o m o l o g u e s  o f  a  s e r i e s .  
T h e  r e l a t i v e  s t e r e o c h e m i c a l  d i s p o s i t i o n  o f  t h e  
h y d r o c a r b o n  c h a i n s  m a y  i n f l u e n c e  t h e  o r i e n t a t i o n  o f  
t h e  a t t a c k  a n d  t h e r e f o r e  s u c c e s s .  O n e  p o s s i b i l i t y  i s  
t h a t  t h e  h y d r o c a r b o n  p o r t i o n  o f  e a c h  h o m o l o g u e  c o n f e r s
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m a g n i t u d e  o f  l o g  d o s e ^ g *  v i a  s p e e d  o f  l i p i d  s o l u b i l i t y  
( a c c e s s )  o f  e a c h  c o m p o u n d .  B u t  l i p i d  s o l u b i l i t y  d o e s  
n o t  i n c r e a s e  r e g u l a r l y  w i t h  c a r b o n  l e n g t h  ( s e e  c h a p t e r  
3 )  a n d  s o  t h e  a d d i t i v e  n a t u r e  o f  l o g  d o s e r a *  a p p e a r s  
n o t  t o  b e  i n f l u e n c e d  v i a  t h e  l i p i d  s o l u b i l i t y  l i m i t  o f  
e a c h  c o m p o u n d .
T h e  p o t e n t i a l  f o r  h y d r o g e n - b o n d i n g  b e t w e e n  t h e  
h y d r o x y l  g r o u p  a n d  t h e  o t h e r  s u b s t i t u e n t  d e c r e a s e s  
m a r k e d l y  i n  t h e  o r d e r  o - ,  m ~ ,  p - . T h e  r e a l  e x t e n t  t o  
w h i c h  h y d r o g e n - b o n d i n g  c o n f o r m a t i o n  o f  t h e  a l k y l  c h a i n  
c o u l d  a f f e c t  e i t h e r  t h e  s l o p e  a n d / o r  i n t e r c e p t  v a l u e s  
i s  u n k n o w n .  I n  a d d i t i o n ,  s i n c e  t h e  i s o - b u t y l  e s t e r  
h a s  a  l o g  d o s e ^ a x  v a l u e  c o i n c i d e n t  w i t h  t h a t  o f  t h e  
( n - ) b u t y l  c o m p o u n d  i t  i m p l i e s  t h a t  t h e  - O H  f u n c t i o n a l  
g r o u p  i s  p r e d o m i n a n t l y  r e s p o n s i b l e  f o r  t h e  
i n t e r f e r e n c e  w i t h  r e s p i r a t i o n  l e v e l s .  L o g  d o s e ^ j a x  
t h u s  o f f e r s  m e c h a n i s t i c  i n s i g h t  i n t o  t h e  m o d e  o f  a c t i o n  
o f  t h e s e  d r u g s .
T h e  s o l u t i o n  p h a s e  u s e d  f o r  B . R .  a s s e s s m e n t  w a s  
1 8 %  v / v  D M S O / g l u c o s e  b u f f e r .  T h i s  p e r c e n t a g e
i n c l u s i o n  o f  D M S G  w a s  n e c e s s i t a t e d  b y  t h e  p r a c t i c a l  
s o l u b i l i t y  l i m i t s  o f  t h e  h i g h e r  h o m o l o g u e s  i n  t h e  
a q u e o u s  b u f f e r .  T h e  p r e c i s e  n a t u r e  o f  i n f l u e n c e  o f  
D M S G  o n  t h e  B . R .  d a t a  o b t a i n e d  w a s  n o t  k n o w n .  D M S G  
w a s  s e l e c t e d  i n i t i a l l y  s i n c e  i t  f o r m s  p a r t  o f  t h e  
s o l v e n t  s y s t e m  o f  t h e  b a c t e r i a l  s u s p e n s i o n s .  H o w e v e r ,  
p r e l i m i n a r y  e x p e r i m e n t s  s h o w e d  ~ 6 0 %  d r o p  i n  r e s p o n s e
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l e v e l  f o r  c o n t r o l  i n  g l u c o s e  b u f f e r  c o n t a i n i n g  1 8 %  v / v  
D M S O  w h e n  c o m p a r e d  t o  t h e  s y s t e m  r u n  i n  b u f f e r  o n l y
i . e .  t h e  d i s p l a c e m e n t  a t  t i m e  t - 1 5  m i n u t e s  f o r
c o n t r o l  i n  b u f f e r / D M S O  w a s  6 0 %  o f  t h e  c o n t r o l
d i s p l a c e m e n t  i n  a  b u f f e r  o n l y  s y s t e m .  T h e  r e s u l t  
i n d i c a t e d  d e a t h  o n  c o n t a c t  o f  a  p r o p o r t i o n  o f  t h e  
c e l l s  i n  s u s p e n s i o n ,  a t  l e a s t  w i t h i n  t i m e  t =  1 5
m i n u t e s .  T h e  D M S O  m o d i f i e d  p o w e i — t i m e  c u r v e  d i d  n o t
s h o w  a  g r a d u a l  d e c r e a s e  i n  r e s p o n s e  o v e r  t h e  t i m e  
p e r i o d  b u t  s h o w e d  a n  o v e r a l l  p r o p o r t i o n a t e  s u p r e s s i o n  
o f  r e s p o n s e .  I d e a l l y ,  i t  m i g h t  b e  p r e f e r a b l e  t o  b e  
a b l e  t o  c o r r e c t  f o r  s u c h  a  s o l v e n t  e f f e c t ,  
p a r t i c u l a r l y  i f  t h e  g r o u p  a d d i t i v i t y  c o n t r i b u t i o n s  t o  
B . R .  a r e  t o  b e  a p p l i e d  t o  a l t e r n a t i v e  s y s t e m s .
I n  g e n e r a l ,  i f  i t  i s  p o s s i b l e  ( p e r h a p s )  t o  
d i s p e n s e  w i t h  p a r a m e t e r s  s u c h  a s  TT, e t c .  a n d  u s e
l o g  d o s e ^ a x  d a t a ,  o n e  i m p o r t a n t  c o n s i d e r a t i o n  m u s t  b e  
t h e  f a l l  o f f  i n  p e r f o r m a n c e  i n d i c a t e d  f o r  h i g h e r  
h o m o l o g u e s  ( s e e  e . g .  p - h y d r o x y b e n z o a t e  e s t e r s ,  C j Q ,  
C 2 2 ) • T h i s  m a y  b e  l i n k e d  t o  d i s s o l u t i o n  p r o p e r t i e s  
f o r  t h e s e  s y s t e m s .  F o r  e x a m p l e ,  s h o u l d  r a t e  o f
s o l u b i l i t y  p r o v e  i m p o r t a n t  i t  m a y  b e  p o s s i b l e  t o  
o v e r l a y  s u c h  l i m i t s  o n  l o g  d o s e ^ a x  v e r s u s  n  d a t a ,  t h u s  
p e r m i t t i n g  p r e d i c t i o n  o f  t h e  o p t i m u m  c h a i n  l e n g t h  
h o m o l o g u e .  ( S u c h  a  t r e a t m e n t  w o u l d  a l s o  c o n v e n i e n t l y  
s i d e  s t e p  t h e  i s s u e  o f  D M S O  e f f e c t s  i n  t h i s  c a s e . )
A l s o ,  i t  w o u l d  b e  n e c e s s a r y  t o  i n v e s t i g a t e  t h e
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r e l a t i o n s h i p  b e t w e e n  l o g  d o s e r a * '  i "  v i t r o  p a r a m e t e r ,  
a n d  i n  v i v o  d a t a .  L o g  d o s e ^ a x  n i a y  o r  m a y  n o t  p a r a l l e l  
t h e  i n  v i v o  d a t a  a n d  t h e  r e s u l t  o f  s u c h  a n  
i n v e s t i g a t i o n  w o u l d  h a v e  s i g n i f i c a n t  b e a r i n g  o n  t h e  
u t i l i t y  o f  t h e  p a r a m e t e r .
I n  c o n c l u s i o n ,  t h e  m i c r o c a l o r i m e t r i c  t e c h n i q u e  
d i s c u s s e d  i n  t h i s  c h a p t e r  d e m o n s t r a t e d  a n a l y t i c a l  
s e n s i t i v i t y  t o w a r d s  c o n c e n t r a t i o n  e f f e c t s  a n d  
s e n s i t i v e  d i s c r i m i n a t i o n  b e t w e e n  c l o s e l y  r e l a t e d  
s  t r u c t u r e s .
T h e r e  a p p e a r s  a  f i r m  b a s i s  f o r  t h e  c r e a t i o n  o f  a  
d r u g  a d d i t i v i t y  s c h e m e  f o r  B . R .  d e r i v e d  v i a  
m i c r o c a l o r i m e t r i c  b i o a c t i v i t y .
I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  i t  m a y  n o t  b e  
n e c e s s a r y  t o  f a c t o r  s o m e  f u n c t i o n  o f  B . R .  i n t o  
d e p e n d e n c e  u p o n  p h y s i c o c h e m i c a l  p a r a m e t e r s ,  n o r  i n d e e d  
m a y  i t  b e  n e c e s s a r y  t o  i n v o k e  s i m p l e  n o n - p h y s i c a l l y  
b a s e d  c o r r e l a t i o n  p a r a m e t e r s .
T h i s  m a y  b e  o f  c o n s i d e r a b l e  a d v a n t a g e  i n  Q . S . A . R .  
s t u d i e s  a n d  t o  t h e  p h a r m a c e u t i c a l  i n d u s t r y .
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T h e  f u n d a m e n t a l  b a s i s  o f  a l l  s t r u c t u r e - a c t 1 v i t y  
a n a l y s e s  i s  t h e  c o n c e p t  o f  a d d i t i v i t y :  A l l
s u b s t r u c t u r e s  o f  a  d r u g  a r e  a s s u m e d  t o  c o n t r i b u t e  t o  
b i o l o g i c a l  a c t i v i t y  i n  a n  a d d i t i v e  m a n n e r ,  e a c h  p a r t  
o f  t h e  s t r u c t u r e  c o n t r i b u t i n g  i r r e s p e c t i v e  o f  a l l  
o t h e r  v a r i a t i o n s  i n  t h e  m o l e c u l e .  S u b s t r u c t u r e  m a y  b e  
s i m p l y  a n  a t o m ,  o r  s o m e t i m e s  l a r g e r  f u n c t i o n a l  g r o u p s .
M a n y  Q . S . A . R . ’ s  f o r  b i o l o g i c a l  r e s p o n s e  o f  d r u g  
m o l e c u l e s  h a v e  p a r t i t i o n i n g  a s  t h e  f a c t o r  d o m i n a n t  i n  
g o v e r n i n g  s u c h  r e s p o n s e .  H o w e v e r ,  l i t t l e  a t t e m p t  h a s  
b e e n  m a d e  i n  t h e  l i t e r a t u r e  t o  i n v e s t i g a t e  
t h e r m o d y n a m i c a l l y  t h e  i n f l u e n c i n g  f a c t o r s .
T h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  c o v e r e d  a  s t u d y  
o f  p a r t i t i o n i n g / s o l u t i o n  p h a s e  p r o p e r t i e s  o f  s e r i e s  o f  
h y d r o x y b e n z o a t e  e s t e r s  i n  o r d e r  t o  r a t i o n a l i z e  
t h e r m o d y n a m i c  i n f l u e n c e s  o n  p a r t i t i o n i n g  b e h a v i o u r ,  
a n d  t o  r e l a t e  t h e m  t o  t h e  m o l e c u l a r  s t r u c t u r e s  i n v o l v e d  
T h e  e a r l y  c h a p t e r s  d e m o n s t r a t e d  t h a t  p a r t i t i o n i n g  
b e h a v i o u r  s h o w e d  a  t r e n d  w i t h  c a r b o n  n u m b e r  o f  t h e  
e s t e r .  B u t  i t  d i d  n o t  s h o w  r e g u l a r  i n c r e m e n t a l  
c o n t r i b u t i o n s  t o  t h e  G i b b s  f u n c t i o n  o f  t r a n s f e r ,  b u t  
o s c i l l a t i o n s  a s  o n e  t r a v e r s e d  t h e  h o m o l o g o u s  s e r i e s .  
T h e r e  a p p e a r e d  t o  b e  t w o  p a r a l l e l  o d d / e v e n  c h a i n  
c o n t r i b u t i o n s .  T h e s e  f i n d i n g s  ( c o r r o b o r a t e d  b y  o t h e r  
w o r k e r s )  i n d i c a t e  c a u t i o n  w h e n  a s s i g n i n g  l i n e a r l y  
r e l a t e d  f r e e  e n e r g y  t e r m s  t o  s e r i e s  o f  c o m p o u n d s .
I t  m a y  b e  i n t e r e s t i n g  t o  e x t e n d  a  t h e r m o d y n a m i c
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i n v e s t i g a t i o n  t o  p a r t i t i o n i n g  o f  c o m p o u n d s  c o n t a i n i n g  
a l t e r n a t i v e  f u n c t i o n a l  g r o u p s  s u c h  a s  o - , m -  a n d  p -  
h a l o g e n s  o r  a l i p h a t i c s  f o r  e x a m p l e ,  a n d  t o  a s s e s s  t h e  
g r o u p  i n f l u e n c e s  o n  i n c r e m e n t a l  b e h a v i o u r  t r e n d s .
T h e  e v a l u a t i o n  o f  t h e r m o d y n a m i c  p a r a m e t e r s  s u c h  a s  
A M h  a n d  A / U l  f o r  a n  e x t e n d e d  r a n g e  o f  c o m p o u n d s  m a y  
p e r m i t  f u r t h e r  i n s i g h t  i n t o  t h e  f a c t o r s  g o v e r n i n g  
p a r t i t i o n i n g  s y s t e m s  ( s e e  c h a p t e r  5 ) .
I n  a d d i t i o n ,  t h e  d a t a  o b t a i n e d  f o r  t h e  p a r t i t i o n  
v a l u e s  o f  t h e  s t u d y  c o m p o u n d s  i n d i c a t e d  t h a t  A H  f o r  
t h e  t r a n s f e r  p r o c e s s  m a y  n o t  b e  t e m p e r a t u r e  
i n d e p e n d e n t  a s  t h e  v a n ’ t  H o f f  i s o t h e r m  a s s u m e s .  A H ^ r  
d a t a  d e r i v e d  d i r e c t  f r o m  c a l o r i m e t r i c  m e a s u r e m e n t s  
w o u l d  h a v e  b e e n  p r e f e r a b l e .  I t  w a s  r e g r e t t a b l e  t h a t  
i n s t r u m e n t  s e n s i t i v i t y  a n d  e x p e r i m e n t a l  s a m p l e  s i z e  
l i m i t s  p r e v e n t e d  a s s e s s m e n t .
Q . S . A . R . ’ s  o f t e n  r e q u i r e  t h a t  t h e r e  i s  a  
r e l a t i o n s h i p  b e t w e e n  B . R .  a s  m e a s u r e d  i n  c e l l u l a r
s y s t e m s  a n d  p a r t i t i o n  c o e f f i c i e n t s  a s  m e a s u r e d  b e t w e e n  
w a t e r  a n d  s o m e  n o n - a q u e o u s  l i p i d  s o l v e n t  ( t h e  l a t t e r  
t a k e n  t o  r e p r e s e n t  t h e  l i p i d  m a t e r i a l  o f  t h e  m e m b r a n e  
o f  a  m i c r o o r g a n i s m ) .  T h e  c h o i c e  o f  s o l v e n t  i s
c r i t i c a l  a n d  c h a p t e r  5  d e t a i l e d  t h e  s e l e c t i o n  o f  t h e  
l i p i d  s o l v e n t  o n  a  t h e r m o d y n a m i c  b a s i s .  H o w e v e r ,  t h e  
p r o b l e m  r e m a i n s  t h a t  a  b u l k  s o l v e n t  h a s  n o t  t h e
c o m p l e x  s t r u c t u r e  o f  a  b i o l o g i c a l  m e m b r a n e .
I t  m i g h t  b e  i n t e r e s t i n g  t h e r e f o r e  t o  a s s e s s
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m i c e l l e s  a n d  l i p o s o m e s  a s  m o d e l s  f o r  b i o l o g i c a l  
m e m b r a n e s  -  t o  a s s e s s  t h e i r  p a r t i t i o n i n g  b e h a v i o u r  
c a l o r i m e t r i c a l l y  a n d  p e r h a p s  t o  c a l c u l a t e  A H ^ r  o f  
c o m p o u n d s  i n t o  s u c h  s y s t e m s .  I n t r o d u c t i o n  o f  a  r a n g e  
o f  s u c h  s y s t e m s  i n t o  a  s o l v e n t  s e l e c t i o n  s c h e m e  m a y  
i n d i c a t e  a  p r e f e r a b l e  ’’b u l k  s o l v e n t ” f o r  b i o l o g i c a l l y  
r e l a t e d  w o r k .
T h e  b i o l o g i c a l  r e s p o n s e  a n a l y s i s  o f  t h e  s t u d y  
c o m p o u n d s  ( c h a p t e r  6 ) a c h i e v e d  c o n s i d e r a b l e  s u c c e s s  i n  
d e m o n s t r a t i n g  a  q u a n t i t a t i v e  s t r u c t u r e - a c t i v i t y  
r e l a t i o n s h i p  o f  t o x i c i t y  t o w a r d s  E . c o l i  a n d  S t a p h ,  
a u r . , e x a m p l e s  o f  g r a m - n e g a t i v e  a n d  g r a m - p o s i t i v e  
b a c t e r i a  r e s p e c t i v e l y .  I t  w o u l d  b e  i n t e r e s t i n g  t o  
i n v e s t i g a t e  t h e  g e n e r a l i t y  o f  l o g  d o s e ^ g *  t o w a r d s  
o t h e r  o r g a n i s m s .
T h e  a s s e s s m e n t  o f  t o x i c o l o g y  o f  c o m p o u n d s  t o w a r d s  
a  v a r i e t y  o f  b a c t e r i a  m i g h t  l e a d  t o  a  s e r i e s  o f  
i n t e r - b a c t e r i a l  p l o t s  o f  t h e  C o l l a n d e r  t y p e  ( r e f e r  
c h a p t e r  5 )  w h i c h  m a y  b e  o f  c o n s i d e r a b l e  u s e  i n  
Q . S . A . R .  s t u d i e s .  A  p r o c e d u r e  f o r  a v o i d i n g  w o r k  w i t h  
p a t h o g e n i c  m i c r o o r g a n i s m s  m a y  r e s u l t .
T h e  r e l a t i o n s h i p  b e t w e e n  t h e  a d m i n i s t e r e d  d o s e  a n d  
t h e  a c t u a l  d o s e  i n  c o n t a c t  w i t h  t h e  m i c r o o r g a n i s m  i s  
u n k n o w n .  T h e  r e s u l t s  o f  t h e  b i o a s s a y  i n d i c a t e  a  f i r s t  
o r d e r  d e p e n d e n c e  o f  r e s p o n s e  ( a t  t i m e  t =  1 5  m i n u t e s )
w i t h  t h e  d o s e  a d m i n i s t e r e d .  I t  m a y  b e  o f  i n t e r e s t  t o  
q u a n t i t a t i v e l y  a n a l y z e  r e s u l t a n t  c e l l  s u s p e n s i o n s  f o r
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s t u d y  c o m p o u n d ,  p e r h a p s  a t  a  v a r i e t y  o f  t i m e  t 
p e r i  o d s .
A l s o ,  a  1 0 : 3 0  % m i x t u r e  o f  m e t h y l  a n d  p r o p y l
p - h y d r o x y b e n z o a t e s  i s  f o u n d  i n  p h a r m a c e u t i c a l
f o r m u l a t i o n s  a s  p r e s e r v a t i v e .  A s s e s s m e n t  o f
a l t e r n a t i v e  r a t i o  m i x t u r e s  ( a n d  a l t e r n a t i v e  c o m p o u n d  
m i x t u r e s )  c o u l d  b e  u n d e r t a k e n  a n d  m a y  d e m o n s t r a t e  
e n h a n c e d  s y n e r g i s t i c  i n t e r a c t i o n s  a n d  i n d i c a t e  a n  
o p t i m u m  r a t i o  f o r  e f f i c a c y .
F i n a l l y ,  t h e  g e n e r a l  p r o c e d u r e  m a y  b e  a s s e s s e d  f o r  
a p p l i c a b i l i t y  t o  o t h e r  d r u g  t y p e s  s u c h  a s  C N S  d r u g s ,  
a n t i p a r a s i t i c  d r u g s ,  a n t i - v i r a l  d r u g s  e t c . .
T o  c o n c l u d e ,  t h e  t e s t  o f  a n  a d d i t i v i t y  s c h e m e  i s
t h a t  a n  e x t e n d e d  b o d y  o f  d a t a  b e  g e n e r a t e d  a n d  t h e  
s i g n i f i c a n c e  o f  t h e  r e l a t i o n s h i p  e x a m i n e d  o v e r  a  w i d e  
r a n g e  o f  c o m p o u n d s  i n  a  v a r i e t y  o f  s o l v e n t  s y s t e m s .  
T h e  c o m p o u n d s  c o u l d  c o n t a i n  d i f f e r e n t  s u b s t i t u e n t  
g r o u p s ,  a r o m a t i c  s t r u c t u r e s ,  a l k y l  s t r u c t u r e s ,
h y d r o g e n  b o n d i n g  p o s s i b i l i t i e s ,  d i f f e r e n t  i o n
f o r m a t i o n s ,  a n d  d i f f e r e n t  i o n i z a t i o n s ,  e t c . .
U l t i m a t e l y  t h e  o b j e c t i v e  i s  t o  b e  a b l e  t o  d e s c r i b e  
t h e  n a t u r e ,  t h e r m o d y n a m i c s  a n d  t h e  m e c h a n i s m s  
g o v e r n i n g  d r u g / c e l l  i n t e r a c t i o n s  a n d  t o  b e  a b l e  t o  
r a t i o n a l i z e  a  u n i v e r s a l l y  a p p l i c a b l e  Q . S . A . R .  b a s e d  
u p o n  t h e r m o d y n a m i c s  w h i c h  w i l l  p e r m i t  p r e d i c t i o n  o f  
o p t i m u m  h o m o l o g u e s  f o r  a n y  b i o l o g i c a l  s y s t e m .  S u c h  a  
s c h e m e  m a y  b e  o f  f u n d a m e n t a l  a n d  p r a c t i c a l
380
s i g n i f i c a n c e  t o  t h e  p h a r m a c e u t i c a l  i n d u s t r y
381
R E F E R E N C E S
1 .  B o w e n - J e n k i n s , P . ,  L a b .  P r a c t i c e ,  ( 1 9 8 5 ) ,
3 4 ( 1 2 ) . 1 - 1 2 ,  1 5 - 1 6 .
2 .  M a r s h a l l ,  G . R . ,  C o m p u t e r  A i d e d  M o l e c u l a r  D e s i g n  
P r o c s .  2  d a y  C o n f e r e n c e ,  L o n d o n ,  1 9 8 4 ,  1 - 2 1 ,
( 1 9 8 5 ) .
3 .  L e o ,  A . ,  E n v i r o n m e n t a l  H e a l t h  P e r s p e c t i v e s ,
( 1 9 8 5 ) ,  6 1 ,  2 7 5 - 2 8 5 .
4 .  S a x e n a ,  A . K . ,  R a m ,  S . ,  P r o g . D r u g  R e s . ,  ( 1 9 7 9 ) ,  
2 1 ,  1 9 9 - 2 3 2 .
5 .  H a t h a w a y ,  D . E . ,  C h e m . B i o l . I n t e r a c t i o n s ,  ( 1 9 8 2 ) ,  
4 1 ,  1 - 2 6 .
6 . D y m i c k y ,  M . , H u h t a n e n ,  C . N . ,  A n t i m i c r o b . A g e n t s  
C h e m o t h e r . ,  ( 1 9 7 9 ) ,  7 9 8 - 8 0 1 .
7 .  W i l s o n ,  J . R . J . ,  L y a l l ,  J . ,  M c B r i d e ,  R . J . ,  
M u r r a y ,  J . B . ,  S m i t h ,  G . , J . C 1 i n . H o s p . P h a r m . ,
( 1 9 8 1 ) ,  6 ( 1 ) . 6 3 - 6 6 .
8 . B a u e r ,  A . W . ,  K i r b y ,  W . M . M . ,  S h e r r i s ,  J . C . ,  
T u r c k ,  M . ,  A m . J . C l i n . P a t h ,  r e p r i n t  f r o m  T e c h .  
B u l l ,  o f  t h e  R e g i s t r y  o f  M e d .  T e c h n o l o g i s t s ,  
( 1 9 6 6 ) ,  3 6 1 3 1 ,  4 9 3 - 4 9 6 .
9 .  W a d s o ,  1 . ,  T i b t e c h ,  ( 1 9 8 6 ) ,  B i o c a l o r i m e t r y .
1 0 .  C h o w d r y ,  B . Z . ,  B e e z e r ,  A . E . ,  G r e e n h o w ,  E . J . ,  
T a l a n t a ,  ( 1 9 8 3 ) ,  3 0 ( 4 ) , 2 0 9 - 2 4 3 .
1 1 .  H i n z ,  H . J . ,  E u r o p h y s . N e w s , ( 1 9 8 6 ) ,  1 7 ( 1 ) .
14-16.
382
1 2 .  B e e z e r ,  A . E . ,  C h o w d r y ,  B . Z . ,  B i o l o g i c a l  
C a l o r i m e t r y ,  1 9 8 0 ,  A c a d e m i c  P r e s s ,  L o n d o n ,
N .  Y .  .
1 3 .  B e e z e r ,  A . E . ,  T y r e l l ,  H . J . V . ,  S c i e n c e  T o o l s ,  
( 1 9 7 2 ) ,  1 9 ( 1 ) . 1 3 - 1 6 .
1 4 .  F u j i t a ,  T . ,  K a t o ,  R . ,  T h e r m o c h i m . A c t a , ( 1 9 8 5 ) ,
9 3 ,  1 3 3 - 6 .
1 5 .  M i l e s ,  C . A . ,  M a c k e y ,  B . M . ,  P a r s o n s ,  S . E . ,
J . G e n . M i c r o b i o l . , ( 1 9 8 6 ) ,  1 3 2 ( 4 ) . 9 3 9 - 5 2 .
1 6 .  B e e z e r ,  A . E . ,  B e t t e l h e i m ,  K . A . ,  A l - S a l i h i ,  S . ,  
S h a w ,  E . J . ,  S c i e n c e  T o o l s ,  ( 1 9 7 8 ) ,  2 5 ( 1 ) . 
2 5 1 0 - 1 2 .
1 7 .  B e e z e r ,  A . E . ,  C h o w d r y ,  B . Z . ,  N e w e l l ,  R . D . ,
T y r e l l ,  H . J . V . ,  A n a l . C h e m . ,  ( 1 9 7 7 ) ,  1 7 8 1 - 1 7 8 4 .
1 8 .  B e e z e r ,  A . E . ,  N e w e l l ,  R . D . ,  T y r e l l ,  H . J . V . ,
J . A p p l . B a c t . ,  ( 1 9 7 6 ) ,  1 9 7 .
1 9 .  T u t e ,  M . S . ,  R e c e n t  A d v a n c e s  i n  D r u g  R e s e a r c h ,  
b a s e d  o n  p r o c e e d i n g s  o f  s y m p o s i u m  a t  t h e  
M i d d l e s e x  P o l y t e c h n i c ,  L o n d o n ,  D e c .  1 9 7 8 ,  
9 5 - 1 1 9 ,  ( S y m p o s i u m  P r e s s ) .
2 0 .  C r u m - B r o w n ,  A . ,  F r a z e r ,  T . ,  T r a n s . R . S o c .
E d i n b u r g . ,  ( 1 8 6 8 - 9 ) ,  2 5 ,  6 9 3 .
2 1 .  C r u m - B r o w n ,  A . ,  F r a z e r ,  T . ,  T r a n s . R . S o c .
E d i n b u r g . ,  ( 1 8 6 8 - 9 ) ,  25_, 1 5 1 .
2 2 .  R i c h e t ,  M . C . ,  C . R .  S o c . B i o l . ,  ( 1 8 9 3 ) ,  45_, 7 7 5 .
2 3 .  M e y e r ,  H .,  A r c h . E x p t . P a t h . P h a r m a k o l . ,  ( 1 8 9 9 ) ,  
4 2 ,  1 0 9 .
383
2 4 .  O v e r t o n ,  E . ,  S t u d i e n  u b e r  d i e  N a r k o s e , ( 1 9 0 1 ) ,  
F i s c h e r ,  J e n a .
2 5 .  T r a u b e ,  J . ,  A r c h . G e s . P h y s i o l . P f l u g e r s . ,  ( 1 9 0 4 ) ,  
1 0 5 , 5 4 1 .
2 6 .  F u h n e r ,  H . ,  A r c h . E x p t 1 . P a t h o l . P h a r m a k o l . ,  
( 1 9 0 4 ) ,  5 ^ ,  6 9 .
2 7 .  M o o r e ,  W .  , J . A g r . R e s . , ,  ( 1 9 1 7 ) ,  1 ^ ,  3 6 5 .
2 8 .  F e r g u s o n ,  J . ,  P r o c . R o y . S o c . ,  S e r .  B .,  ( 1 9 3 9 ) ,
1_2J7, 3 8 7 .
2 9 .  H a m m e t t ,  L . P . ,  P h y s i c a l  O r g a n i c  C h e m i s t r y ,  
M c G r a w  H i l l ,  N e w  Y o r k ,  1 9 4 0 .
3 0 .  M c G o w a n ,  J . C . ,  J . A p p l . C h e m . ,  L o n d o n ,  ( 1 9 5 1 ) ,  
i ,  1 2 0 5 .
3 1 .  B r u i c e ,  T . C . ,  K h a r a s h ,  N .  , W i n z l e r ,  R . J . ,
A r c h . B i o c h e r a . B i o p h y s ., ( 1 9 5 6 ) ,  3 0 5 .
3 2 .  H a n s e n ,  O . R . ,  A c t a  C h e m . S c a n d . ,  ( 1 9 6 2 ) ,  1 6 , 
1 5 9 3 .
3 3 .  Z a h r a d n i k ,  R . , E x p e r i e n t i a ,  ( 1 9 6 2 ) ,  1^8, 5 3 4 .
3 4 .  F e r g u s o n ,  J .  M e c h a n i s r a e  d e  l a  N a r c o s e ,  p . 2 5 .  
C e n t r e  N a t i o n a l  d e  l a  R e c h e r c h e  S c i e n t i f i q u e ,  
P a r i s ,  1 9 5 1 .
3 5 .  H a n s c h ,  C . ,  M u i r ,  R . M . ,  F u j i t a ,  T . ,  M a l o n e y ,  
P . P . ,  G e i g e r ,  F . , S t r e i c h ,  M . ,  J . A m e r . C h e m .  
S o c . ,  ( 1 9 6 3 ) ,  8 5 ,  2 8 1 7 .
3 6 .  H a n s c h ,  C .,  F u j i t a ,  T . ,  J . A m e r . C h e m . S o c . ,
( 1 9 6 4 ) ,  M ,  1 6 1 6 .
384
3 7 .  F u j i t a ,  T . ,  I w a s a ,  J . ,  H a n s c h ,  C . ,  J . A m e r . C h e m  
S o c . , ( 1 9 6 4 ) ,  8 6 . 5 1 7 5 .
3 8 .  M i e r t u s ,  S . ,  T r e b a n c k a ,  M . , F r e c e r ,  V . ,  J a k u s ,
V . ,  P h a r m o c h e m i s t r y  L i b r a r y ,  ( 1 9 8 5 ) ,  2 4 1 - 8 .
3 9 .  T o m l i n s o n ,  E . ,  J . C h r o m a t o g r a p h y ,  ( 1 9 7 5 ) ,  1 1 3 , 
1.
4 0 .  P e r i n a ,  Z . ,  S a r s u n o v a ,  M . , P h a r m o c h e m i s t r y  
L i b r a r y ,  ( 1 9 8 5 ) ,  8 , 3 3 3 - 8 .
4 1 .  T o m l i n s o n ,  E . ,  R i l e y ,  C . ,  I o n - P a i r  C h r o m a t o ­
g r a p h y :  T h e o r y  a n d  B i o l o g i c a l  a n d  P h a r m a c e u t ­
i c a l  A p p l i c a t i o n s .  E d .  H e a r n ,  M . T . W . .
M a r c e l  D e k k e r ,  I n c .  N e w  Y o r k  a n d  B a s e l .  C h .  3 .  
b y  T o m l i n s o n ,  E . ,  a n d  R i l e y ,  C . ,  1 9 8 5 .
4 2 .  F u k a t a ,  T . R . ,  M e t c a l f ,  R . L . ,  J . A g r . F o o d  C h e m . ,  
( 1 9 5 6 ) ,  4 ,  9 3 0 - 5 .
4 3 .  K u t t e r ,  E ., H a n s c h ,  C . ,  J . M e d . C h e m . ,  ( 1 9 6 9 ) ,
1 2 ,  6 4 7 .
4 4 .  B u l t s m a ,  T . ,  E u r . J . M e d . C h e m . - C h i m . T h e r . ,
( 1 9 8 0 ) ,  1 5 ( 4 ) . 3 7 1 - 4 .
4 5 .  F r e e ,  S . M . J r . ,  W i l s o n ,  J . W . ,  J . M e d . C h e m . ,
( 1 9 6 4 ) ,  7 ,  3 9 5 .
4 6 .  K o p e c k y ,  J . ,  B o c e k ,  K . ,  V l a c h o v a ,  P . ,  N a t u r e ,
( 1 9 6 5 ) ,  2 0 1 ,  9 8 1 .
4 7 .  C a m m a r a t a ,  A . ,  Y a u s ,  J . ,  J . M e d . C h e m . ,  ( 1 9 7 0 ) ,
13, 93.
4 8 .  F u j i t a ,  T . ,  B a n ,  T . ,  J . M e d . C h e m . ,  ( 1 9 7 1 ) ,  1 4 , 
1 4 8 .
385
4 9 .  W a i s s e r ,  K . ,  M a c h a c e k ,  M . ,  C e l a d n i k ,  M . ,  
Q . S . A . R .  i n  D e s i g n  o f  B i o a c t i v e  C o m p o u n d s .  
P r o c s .  o f  t h e  1 s t  T e l e o s y m p o s i u m  o n  M e d i c i n a l  
C h e m i s t r y ,  4 2 5 - 3 2 ,  1 9 8 4 .
5 0 .  V e r l o o p ,  A . ,  Q . S . A . R .  S t r a t e g i e s  D e s . B i o a c t .  
C o m p d . , P r o c . E u r . S y m p . Q u a n t . S t r u c t . - A c t . R e l a t . , 
5 t h ,  1 9 8 4 ,  ( P u b .  1 9 8 5 ) ,  9 8 - 1 0 4 .
5 1 .  W a l t e r s ,  P . E . ,  H o p f i n g e r ,  A . J . ,  J . M o l . S t r u c t .  
( T h e o c h e m . ) ,  ( 1 9 8 6 ) ,  1 3 4 ,  3 1 7 - 3 2 3 .
5 2 .  H a l l ,  L . H . ,  K i e r ,  L . B . ,  J . M o l . S t r u c t .
( T h e o c h e m . ) ,  ( 1 9 8 6 ) ,  1 3 4 ( 3 - 4 ) . 3 0 9 - 3 1 6 .
5 3 .  G r o s s m a n ,  S . C . ,  D z o n o v a ,  B . J . ,  R a n d i c ,  M . ,
I n t . J . Q u a n t u m  C h e m . ,  Q u a n t u m  B i o l o g y  S y m p . ,
( 1 9 8 6 ) ,  1 2 ,  1 2 3 - 3 9 .
5 4 .  H y d e ,  R . M . ,  J . M e d . C h e m . ,  ( 1 9 7 5 ) ,  2 3 1 .
5 5 .  K u b i n y i ,  H . , P r o g r e s s  i n  D r u g  R e s e a r c h ,  ( 1 9 7 9 ) ,  
2 3 ,  9 7 - 1 9 8 .
5 6 .  F r a n k e ,  R . ,  B i o l o g i c a l  A c t i v i t y  a n d  C h e m i c a l  
S t r u c t u r e ,  E l s e v i e r ,  1 9 7 7 ,  2 5 1 .
5 7 .  P e n n i s t o n ,  J . T . ,  B e c k e t t ,  1 . ,  B e n t l e y ,  D . L . ,
H a n s c h ,  C . , M o  1 e c . P h a r m a c . , ( 1 9 6 9 ) ,  3 3 3 .
5 8 .  D e a r d e n ,  J . C . ,  T o w n e n d ,  M . S . ,  J . P h a r m .  
P h a r m a c o l . ,  ( 1 9 7 6 ) ,  2S, S u p p l .  1 3 P .
5 9 .  D e a r d e n ,  J . C . ,  E n v i r o n . H e a l t h  P e r s p . ,  ( 1 9 8 5 ) ,  
6 1 ,  2 0 3 - 2 2 8 .
386
6 0 .  F r a n k e ,  R . ,  Q . S . A . R . ,  S t r a t e g i e s  D e s . B i o a c t .
C o m p d . , P r o c . E u r . S y m p . Q u a n t . S t r u c t . - A c t . R e l a l . ,  
5 t h ,  1 9 8 4 ,  ( P u b .  1 9 8 5 ) ,  2 9 0 - 3 .
6 1 .  F r a n k e ,  R . ,  K u h n e ,  R . ,  E u r . J . M e d . C h e m . ,  ( 1 9 7 8 ) ,
1 3 ,  3 9 9 .
6 2 .  V a n  d e r  W a t e r b e e m d ,  J . T h . M . ,  J a n s e n ,  A . C . A . ,  
G e r r i t s m a ,  K . W . ,  P h a r m a c e u t i s h  W e e k b l a d  
S c i e n t i f i c  E d i t i o n ,  ( 1 9 8 0 ) ,  2 ( 3 ) , 7 3 - 8 0 .
6 3 .  M c F a r l a n d ,  J . W . ,  J . M e d . C h e m . ,  ( 1 9 7 0 ) ,  1 3 ,  1 1 9 2 .
6 4 .  B a l a z ,  S . ,  S t u r d i k ,  E . ,  Q u a n t i t a t i v e  S t r u c t u r e -  
A c t i v i t y  R e l a t i o n s h i p s  i n  P h a r m a c o l o g y ,  
C h e m i s t r y  a n d  B i o l o g y ,  ( 1 9 8 5 ) ,  4 ( 2 ) , 7 7 - 8 1 .
6 5 .  S e y d e l ,  J . K .  i n :  J . A .  K e v e r l i n g  B e u s m a n  ( E d . ) .  
S t r a t e g y  i n  D r u g  R e s e a r c h ,  E l s e v i e r ,  A m s t e r d a m ,  
( 1 9 8 2 ) ,  1 7 9 - 2 0 .
6 6 . S e y d e l ,  J . K . ,  S c h a p e r ,  K . J . ,  P h a r m a c . T h e r . ,
( 1 9 8 2 ) ,  1 5 ,  1 3 1 - 1 8 2 .
6 7 .  D e a r d e n ,  J . C . ,  T o w n e n d ,  M . S .  i n :  N . R .
M c F a r l a n e  ( E d . ) .  H e r b i c i d e s  a n d  F u n g i c i d e s  -  
F a c t o r s  a f f e c t i n g  t h e i r  A c t i v i t y ,  B u r l i n g t o n  
H o u s e ,  L o n d o n ,  ( 1 9 7 6 ) ,  1 3 5 - 1 4 1 .
6 8 . ' D e a r d e n ,  J . C . ,  T o w n e n d ,  M . S .  i n :  R .  F r a n k e  a n d
P .  O e h m e  ( E d s . ) .  Q u a n t i t a t i v e  S t r u c t u r e -  
A c t i v i t y  A n a l y s i s ,  A d a d e m i e  V e r l a g ,  B e r l i n ,  
( 1 9 7 8 ) ,  3 8 7 - 3 9 3 .
6 9 .  C o o p e r ,  E . R . ,  B e r n e r ,  B . ,  B r u c e ,  R . D . ,  J . P h a r m .  
S c i . ,  ( 1 9 8 1 ) ,  7 0 ( 1 ) , 5 7 - 5 9 .
387
7 0 .  D u n n ,  W . J . I l l ,  W o l d ,  S . ,  J . M e d . C h e m . ,  ( 1 9 8 0 ) ,  
2 3 ( 6 ) . 5 9 5 - 9 .
7 1 .  K o r e n m a n ,  Y a . I . ,  B o l o t o v ,  V . M . ,  Z h . F i z . K h i m .,
( 1 9 8 1 ) ,  5 5 ( 7 ) . 1 8 6 9 - 7 0 .
7 2 .  S t a r o b i n e t s ,  G . L . ,  R a k h r a a n k o ,  E . M . ,  L e s c h e v ,
S . M . ,  Z h . F i z . K h i m . , ( 1 9 7 9 ) ,  5 3 ( 1 1 ) , 2 7 2 0 - 3 .
7 3 .  K o r e n m a n ,  Y a . I . ,  S h a r t a k o b a ,  L . N . ,  P r o x o r o v a ,  
G . B . ,  Z h . F i z . K h i m . , ( 1 9 8 5 ) ,  5 9 ( 3 ) , 6 9 0 - 2 .
7 4 .  K o r e n m a n ,  I . M . ,  G o r o k h o v ,  A . A . ,  A r e f e v a ,  R . P . ,
Z h . F i z . K h i m . , ( 1 9 7 8 ) ,  5 2 ( 1 0 ) , 2 7 0 1 .
7 5 .  J a i n ,  M . K . ,  W r a y ,  L . V . J r . ,  B i o c h e m . P h a r m a c o l . ,  
( 1 9 7 8 ) ,  2 7 ( 8 ) , 1 2 9 4 - 5 .
7 6 .  L e o ,  A . ,  H a n s c h ,  C . ,  E l k i n s ,  D . ,  C h e m . R e v . ,  
( 1 9 7 1 ) ,  7 1 ( 6 ) , 5 2 5 - 6 1 6 .
7 7 .  D u n n ,  W . J . I I I ,  W o l d ,  S . ,  A c t a  C h e m . S c a n d .  B ,  
( 1 9 7 8 ) ,  3 2 ( 7 ) , 5 3 6 - 5 4 2 .
7 8 .  P u r c e l l ,  W . P . ,  B a s s ,  G . E . ,  C l a y t o n ,  J . M . ,
S t r a t e g y  o f  D r u g  D e s i g n :  A  G u i d e  t o  B i o l o g i c a l
A c t i v i t y .  J o h n  W i l e y  a n d  S o n s ,  N e w  Y o r k ,  1 9 7 3 .
7 9 .  M a r t i n ,  Y . C . ,  Q u a n t i t a t i v e  D r u g  D e s i g n :  A
C r i t i c a l  I n t r o d u c t i o n .  M a r c e l  D e k k e r ,  N e w  
Y o r k ,  1 9 7 8 .
8 0 .  R e k k e r ,  R . F . :  T h e  H y d r o p h o b i c  F r a g m e n t a l
C o n s t a n t .  I t s  D e r i v a t i o n  a n d  A p p l i c a t i o n .
A  M e a n s  o f  C h a r a c t e r i z i n g  M e m b r a n e  S y s t e m s ,  
( 1 9 7 7 ) ,  E l s e v i e r  S c i e n t i f i c  P u b l i s h i n g  C o m p a n y ,  
A m s t e r d a m .
388
8 1 .  B u r k e y ,  T . J . ,  G r i l l e r ,  D . ,  L i n d s a y ,  D . A . ,
S c a i a n o ,  J . C . ,  J . A m e r . C h e m . S o c . ,  ( 1 9 8 4 ) ,
1 0 6 , 1 9 8 3 - 1 9 8 5 .
8 2 .  K i n k e l ,  J . F . M . ,  T o m l i n s o n ,  E . ,  I n t . J . P h a r m . ,
( 1 9 8 0 ) ,  6 , 2 6 1 - 2 7 5 .
8 3 .  K i n k e l ,  J . F . M . ,  T o m l i n s o n ,  E . ,  S m i t ,  P . ,  I n t . J
P h a r m . ,  ( 1 9 8 1 ) ,  9 ( 2 ) . 1 2 1 - 3 6 .
8 4 .  B e e z e r ,  A . E . ,  V o l p e ,  P . L . O . ,  H u n t e r ,  W . H . ,
J . C h e m . S o c . F a r a d a y  1 ,  ( 1 9 8 6 ) ,  8 ^ ,  2 8 6 3 - 2 8 7 1 .
8 5 .  B e e z e r ,  A . E . ,  H u n t e r ,  W . H . ,  S t o r e y ,  D . E . ,
J .  P h a r m . P h a r m a c o l . ,  ( 1 9 8 0 ) ,  32^ , 8 1 5 - 8 1 9 .
8 6 . Z a s l a v s k y ,  B . Y u . ,  M i h e e v a ,  L . M . ,  R o g o z h i n ,
S . V . ,  J . C h r o m a t o g r . , ( 1 9 8 1 ) ,  2 1 2 ( 1 ) . 1 3 - 2 2 .
8 7 .  D e a r d e n ,  J . C . ,  J . P h a r m . P h a r m a c o l . ,  ( 1 9 7 6 ) ,
2 8 ,  S u p p l .  4 6 P .
8 8 . B e e z e r ,  A . E . ,  H u n t e r ,  W . H . ,  S t o r e y ,  D . E . ,
J . P h a r m , P h a r m a c o l ., ( 1 9 8 3 ) ,  3 5 0 - 3 5 7 ,
8 9 .  K a t z ,  Y . ,  D i a m o n d ,  J . M . ,  J . M e m b r a n e  B i o l . ,  
( 1 9 7 4 ) ,  1 7 ,  1 0 1 - 1 2 0 .
9 0 .  A r r o w s m i t h ,  M . ,  H a d g r a f t ,  J . ,  K e l l a w a y ,  I . W . ,
B i o c h i m . B i o p h y s . A c t a , ( 1 9 8 3 ) ,  7 5 0 , 1 4 9 - 1 5 6 .
9 1 .  S a k e t ,  M . M . ,  J a m e s ,  K . C . ,  K e l l a w a y ,  I . W . ,
I n t . J . P h a r m . , ( 1 9 8 4 ) ,  1 5 5 - 1 6 6 .
9 2 .  E g o r o v ,  V . V . ,  S t a r o b i n e t s ,  G . L . ,  V e s t s i  A k a d .  
N o v u k .  B S S R ,  S e r . K h i m . N a v u k . ,  ( 1 9 7 8 ) ,  3 ,
127-8.
389
9 3 .  D e c ,  S . F . ,  G i l l ,  S . J . ,  J . C h e m . E d . ,  ( 1 9 8 5 ) ,  
6 2 ( 1 0 ) , 8 7 9 - 8 1 .
9 4 .  K i n g ,  E . J . ,  A c i d  B a s e  E q u i l i b r i a ,  ( 1 9 6 5 ) ,  
P e r g a m o n  P r e s s ,  O x f o r d .
9 5 .  C o l l a n d e r ,  R . , A c t a  C h e m . S c a n d . ,  ( 1 9 5 1 ) ,  5^, 
7 7 4 .
9 6 .  B e e z e r ,  A . E . ,  H u n t e r ,  W . H . ,  J . M e d . C h e m . ,
( 1 9 8 3 ) ,  7 5 7 .
9 7 .  L e f f l e r ,  J . E . ,  G r u n w a l d ,  E . ,  R a t e s  a n d  
E q u i l i b r i a  o f  O r g a n i c  R e a c t i o n s .  W i l e y ,  N e w  
Y o r k . ,  ( 1 9 6 3 ) ,  1 2 8 - 3 1 4 .
9 8 .  T o m l i n s o n ,  E . ,  I n t . J . P h a r m . ,  ( 1 9 8 3 ) ,  1 3 , 
1 1 5 - 1 4 4 .
9 9 .  K r u g ,  R . R . ,  H u n t e r ,  W . G . ,  G r i e g e r ,  R . A . ,
J . P h y s . C h e m . , ( 1 9 7 6 ) ,  2 3 3 5 .
1 0 0 .  K r u g ,  R . R .  H u n t e r ,  W . G . ,  G r i e g e r ,  R . A . ,
J . P h y s . C h e m . ,  ( 1 9 7 6 ) ,  2 3 4 1 .
1 0 1 .  F e n d l e r ,  J . H . ,  C .  &  E n . ,  ( 1 9 8 4 ) ,  J a n .  2 n d ,  2 5
1 0 2 .  S m i t h ,  R . N . ,  H a n s c h ,  C .,  A m e s ,  M . M . ,  J . P h a r m .  
S c i . ,  ( 1 9 7 5 ) ,  6 4 ( 4 ) , 5 9 9 - 6 0 6 .
1 0 3 .  B i n f o r d ,  J . S . ,  W a d s o ,  I . ,  J . B i o c h e m . B i o p h y s .  
M e t h o d s ,  ( 1 9 8 4 ) ,  9 1 2 1 ,  1 2 1 - 3 1 .
1 0 4 .  B a c k l u n d ,  S . ,  H o l l a n d ,  H . , L j o s l a n d ,  E .,  
V i k h o l m ,  I . ,  F l u i d  P h a s e  E q u i l i b r i a ,  ( 1 9 8 5 ) ,  
20_, 2 4 9 - 2 5 6 .
1 0 5 .  R y t t i n g ,  J . H . ,  D a v i s ,  S . S . ,  H i g u c h i ,  T . ,
J . P h a r m . S c i . , ( 1 9 7 2 ) ,  6 1 ( 5 ) , 8 1 6 - 8 1 8 .
390
106. Beezer, A.E., Thermochim.Acta, (1985), ^6, 
327-332.
107. Introduction to Liquid State Chemistry, Y. 
Marcus. Wiley Interscience Publication, (1977), 
Appendices 5.1 and 5.2., p 204-5.
108. Leo, A., Hansch, C ., J.Org.Chem., (1971), 36, 
1539-1544.
109. Aveyard, P., Mitchell, R.W., Trans.Faraday 
Soc., (1969), 2645-2653.
110. Aveyard, R ., Mitchell, R.W., Trans Faraday 
Soc., (1970), 37-42.
111. Hofstee, B.H.J., J.Biol.Chem., (1952), 199,
365.
112. Hofstee, B.H.J., J.Biol.Chem., (1954), 207,
219.
113. Hofstee, B.H.J., J.Biol.Chem., (1958), 123,
108.
114. Alexander, K.S., Laprade, B ., Mauger, J.W., 
Paruta, N.A., J.Pharm.Sci., (1978), 67(5), 
624-627.
115.- Van Oort, M.J.M., White, M.J., Thermochiroica
Acta, (1985), 1-6.
116. Taft, R.W., Abraham, M.H., Famini, G.R.,
Doherty, R.M., Abboud, J.M., Kamlet, M.J.,
J.Pharm.Sci., (1985), 7418}, 807-14.
117. Taft, R.W., Abboud, J.M., Kamlet, M.J., Abraham,
M.H., J.Soln.Chem. , (1985), 14.(3.), 153-186.
391
118. D ’Aprano, A., De Lisi, R., Donato, D.I.,
J.Soln.Chem., (1983), 12(6), 383-400.
119. Desnoyers, J.E., Hetu, D ., Perron, G ., 
J.Soln.Chem., (1983), 12(6), 427-445.
120. Beezer, A.E., Volpe, P.L.O., Lima, M.C.P.,
Hunter, W.H., J.Soln.Chem., (1986), 15(4) ,
341-348.
121. Martin, A., Wu, P.L., Beerbower, A., J.Pharm 
Sci., (1984), 73(2). 188-194.
122. Alexander, K.S., Mauger, J.W., Peterson, H. Jr., 
Paruta, A.N., J.Pharm.Sci., (1977), 66(1),
42-48.
123. Yalkowsky, S.H., Valvani, S.C., Amidon, G.L.,
J.Pharm.Sci., (1976), 65(10), 1488-1494.
124. Molyneux, P., Lab. Practice, (1984), April
(M), 4.
125. Physical Chemistry, Alberty, R.A., 7th Ed.
John Wiley and Sons, N.Y., 1987.
126. De Lisi, R., Goffredi, M., Liveri, V.T.,
J.C.S.Chem.Comra., (1980), 380.
127. Goffredi, M ., Liveri, V.T., J.Soln.Chem.,
(1981), 10(10), 693.
128. Mullens, J., Yperman, J . ,  Francois, J.P., 
van Pouke, L.C., J.Phys.Chem., (1985), ^9, 
2937-2941.
129. Riebeseh], W ., Tomlinson, E ., J.Soln.Chem.,
(1986), 15(2), 141-150.
392
130. Larson, J.W., Hepler, L.G., Heats and Entropies
of Ionization in: Coetzee, J.F. and Ritchie, 
C.D., (Eds.), Solute-Solvent Interactions,
(1969), Dekker.
131. Cratin, P.D., Ind.Eng.Chem., (1968), 60(9), 14.
132. Manzo, R.H., J .Pharm.Pharmacol., (1982), 34,
486-492.
133. Seiler, P., Eur.J.Med.Chem.-Chim.Ther., (1974),
9(5), 473-479.
134. Wang, P.H., Lien, E.J., J.Pharm.Sci., (1980), 
69(6), 662-668.
135. Banerjee, D ., Gupta, B.K., Can.J.Pharm.Sci., 
(1980), 1 5 ( 3 ) , 61-3.
136. Hansch, C. in: Leo,A., Hansch, C ., Elkins, D .,
Chem.Rev., (1971), 71, 525.
137. Beezer, A.E. Private Communication.
138. Lissi, E.A., Acta Sud.Amer.Quim., (1981),
i, 69-76.
139. Manabe, M ., Koda, M ., Shirahama, K ., Bull.Chem.
Soc.Japan, (1975),_48. 3553-3559.
140. Davies, D.J.G., Richardson, N.E., Anthony, Y.,
J .Pharm.Pharmacol., (1976), 28, Suppl. 49P.
141. Kirshbaum, A., Arret, B ., Antibiotics and 
Chemotherapy, (1959), 9(10), 613-617.
142. Bowman, F.W., Antibiotics and Chemotherapy, 
(1957), 7 ( 1 2 ) , 639-640.
343. Prat, H., Rev.Can.Biol., (1953), 12, 19-34.
393
144. Zablocki, B., Czemiaski, E., Bull.Acad.Pol. 
Sci., Ser.Cl. II, (1962), 10(6), 209-213.
145. Binford, J.S., Binford, L.F., Adler, P.,
Am.J.Clin.Path., (1973), 59(1), 86-94.
146. Beezer, A.E., Volpe, P.L.O., Miles, R.J., 
Hunter, W.H., J.Chem.Soc., Faraday Trans.I, 
(1986), 8^, 2929.
147. Wadso, I., Svensk. Kenvsk.Tidskrift, (1969),
28-32.
148. Semenitz, V.E., Tiefenbrunner, F.,
Arzneimittel-Forsch. I Drug Research, (1977), 
27(11), 2247-2251.
149. Beezer, A.E., Newell, R.D., Tyrell, H.J.V.,
Analyt.Chem., (1977), 4^, 34-37.
150. Spink, C ., Wadso, I., Calorimetry as an
Analytical Tool in Biochemistry and Biology 
in: Methods of Biochemical Analysis, Edited 
by D. Click, Vol. 23, (1975), Wiley
Interscience.
151. Monk, P., Microbial Calorimetry as an 
Analytical Method. Process Biochem,, (1978), 
13, 3-6.
152. Cosgrove, R.F., Beezer, A.E., Miles, R.J.,
J .Pharm.Pharmacol., (1979), H ,  171-3.
International Journal o f Pharmaceutics, 29 (1986) 2 3 7 -2 4 2  
Elsevier
237
U P 00984
Quantitative structure-activity relationships; microcalorimetric 
determination of a group additivity scheme for biological response
A.E. Beezer \  P.L.O. V olpe  ^ C .A . G ooch  \  W .H . H unter  ^ and R.J. M iles ^
 ^ D epartm ent o f Chemistry, The Bourne iMhoratory, R oyal Holloway and Bedford Colleges, University o f London, Egham Hill, Egham, 
Surrey TW 20 OEX and ' D epartm ent o f Biological Sciences, Chelsea College, University o f London, M anresa Road, London (U.K.)
(Received October 24th, 1985)
(Accepted Novem ber 24th, 1985)
Key words: w-alkoxy phenols -  / 7-hydroxybenzoates -  flow microcalorimetric bioassay -  drug quantitative
structure-activity relationships
Summary
Flow  microcalorimetric bioassay data for interaction o f «i-alkoxy phenols and for p-hydroxybenzoates have been obtained. 
A nalysis of these data allows the identification o f contributions toward the derived bioactivity from the parent structures (the 
m olecule minus the M-CH; groups present in the side-chain) and the lipophilic groups, C H ;. These results are discussed with respect 
to drug quantitative structure-activity relationships.
Introduction
A review (Beezer et al., 1983a) has described the 
application of the flow microcalorimetric tech­
nique to the bioassay of drug substances. Most of 
the studies reported were concerned, in the main, 
with qualitative accounts of drug/microorganism  
interaction. However, a modest number of accounts 
of quantitative bioassays also exists. These reports 
have principally related to anti-fungal antibiotic 
bioassay. In an instance involving bacteria, the 
microcalorimetric bioassay of some m-alkoxy phe­
nols was used as the measure of “ biological re­
sponse” in the description (Beezer et al., 1983b) of
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Sac Paulo, Brazil.
Correspondence: W .H. Hunter, Departm ent o f Chem istry, The 
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University o f London, Egham H ill, Egham , Surrey TW 20 OEX, 
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a drug structure-activity correlation (QASR).
The basis of QSAR is generally held to be the 
relationship between partition coefficients (P), for 
members of an homologous series and biological 
response (BR).
Much work has been devoted (Leo et al., 1971; 
Dearden, 1983) to the establishment of group con­
tributions to the calculation of P values (Rogers 
and Davis, 1980; Dearden, 1983). Such group con­
tributions, in principle, allow the prediction of P 
values for other members of the series and, by 
extension, of compounds outside the series. Thus 
group additivity is seen as an important feature in 
the practical application of QSAR data.
N o such extensive data set exists for the identi­
fication of a structure-activity correlation involv­
ing BR. The simplest scheme proposed is the 
Free-Wilson technique (Free and Wilson, 1964). 
This scheme involves assigning a constant to every 
substituent and thus;
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Biological activity =  ^  (substituent constants) +  X
where X is a constant denoting the overall average 
biological activity for the whole series. This model 
has formed the basis of several other models. 
Moreover, it is held that the major shortcoming of 
the additivity of ‘de novo’ models (substituent 
constants) when used alone is that the derived 
substituent constants have no direct physicochemi-. 
cal meaning and it is consequently extremely dif­
ficult to rationalize the requirement for better sub­
stituents. A further disadvantage of the Free-Wil­
son based models is their requirement for large 
data sets arising from the number of independent 
variables generated. BR as presently employed is 
regarded as being so imprecise in measurement 
that temperatures at which P  values are measured, 
for use in QSAR are frequently not controlled. 
Attention has been drawn (Beezer et al., 1980, 
1983c) to this disturbing feature of QSAR studies.
The reproducibilities, precision and accuracy 
attainable (Beezer et ah, 1983a) in flow micro­
calorimetric investigations of drug/cell interac­
tions make it possible to establish BR, for some 
systems, on a defined basis.
To examine this possibility we have investi­
gated, via flow microcalorimetry, the bioassay of 
members of two homologous series (m-alkoxy phe­
nols and /?-hydroxybenzoates) on interaction with 
standardized (Beezer et ah, 1976), liquid nitrogen 
stored cultures of Escherichia coli NCTC 10418.
For each drug considered here we may define a 
“ parent” structure; for the m-alkoxy phenols this 
is:
OH
and for the /7-hydroxybenzoates it is: 
OH
The hydrocarbon side-chain is then composed of 
/2-CH 2  groups in each case. Considerable simplifi­
cation could be achieved in evaluation of BR if BR 
itself were factorizable into bioanalytically useful 
contributions from the lipophilic (CHj groups) 
and hydrophilic (parent structure) portions of the 
molecule. The designation of “ parent” structure, 
lipophilic and hydrophilic portions of these mole­
cules are identical to those used by us in a thermo­
dynamic analysis of partitioning of these com­
pounds between water and non-aqueous solvents 
and in a thermodynamic analysis of the Collander 
equation (Beezer et al., 1986a). Such an additivity 
principle would, we believe, be of considerable 
advantage in QSAR studies and to the pharma­
ceutical industry in that BR itself may be sep­
arated into the bioactivity effect of the parent 
structure and, for the compounds described here, 
the effect of adding successive methylene groups. 
Of course through a different choice of homolo­
gous series it would appear possible to identify 
other “group” effects e.g. for -O H , C =  O, SH,
NH etc. such that a comprehensive
group additivity scheme based upon such a bioas­
say scheme could be evaluated.
It is the purpose of this paper to initiate discus­
sion of these possibilities.
Experimental
m-Alkoxy phenols were prepared and stored as 
described previously (Beezer et al., 1980); / 7-hy­
droxybenzoates were the generous gift of NI PA 
chemicals and were certified as 99.9% pure on 
delivery. They were used without further treat­
ment.
Procedure
The preparation of solutions for all microcalori­
metric incubations was as previously described 
(Beezer et al., 1983b).
Preparation o f cells
Escherichia coli NCTC 10418 was grown in 250
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ml flasks containing 40 ml of medium of composi­
tion (g - r^ ):  glucose, 4.0; (N H 4 ) 2 S0 4 , 2.0; 
NaH 2P04 ■ 2 H 2 O, 7.8; K 2 HPO4 , 8.4; M gC l2,0.13; 
CaCOj 0.003; FeS04 • 7 H 2 O, 0.007; M nCl2  • 
4 H 2 O, 0.001; ZnS04, 0.0005; CaCl2  • 6 H 2 O, 
0.0002; CUCI2  2 H 2 O, 0.0003; H 3 BO3 , 0.0001; 
N a 2 M o 0 4 - 2 H 2 0 , 0.0003; final pH 7.0. Forty 
flasks were inoculated with 0 . 8  ml of an overnight 
culture and incubated at 37°C on a rotary shaker 
(220 rpm: Gallenkamp, U.K.). Growth was fol­
lowed by optical density (EEL colorimeter) and 
after 6  h incubation, at an optical density equiv­
alent to 1 . 2  g dry weight of cells/htre, the cells 
were pooled, centrifuged, washed twice in 1 /4  
strength Ringer’s solution containing 10% w /v  of 
dimethylsulfoxide (DMSO) at 4 g dry weight of 
cells/litre. The maximum specific growth rate and 
the stationary phase organism concentration for 
the medium used were 0.7 h “  ^ and 2.0 dry weight 
of cells/litre, respectively. Cells in 1 /4  strength 
Ringer’s solution containing 10% DMSO were 
frozen in liquid nitrogen and recovered as de­
scribed previously (Perry et al., 1980).
Results and Discussion
Tables 1 and 2 show the bioassay data derived 
from study of the named compounds together with 
the correlation coefficients, slopes and intercepts 
derived from plots of log(dose) vs response. Re­
sponse was recorded as the peak height achieved 
in the power-time (PT) curve derived from treated 
incubations; the sensitivity employed was 10 jitV.
It will be noted that excellent straight lines were 
obtained in all cases. From the limited data availa­
ble such correlations are normal in flow micro­
calorimetric determination of bioactivity. The in­
tercept value for each compound is designated 
log(dose)^^ and is to be understood as the maxi­
mum dose of the drug which may be applied 
without eliciting a response.
A plot of log(dose)niax vs carbon number, n, in 
the side-chain yields, on omitting the point for the 
methyl substituent where it is not CH 2  added but 
C H 3, a straight line (correlation coefficient, 0.9999; 
slope, -0 .5370 ; intercept, 2.6539). The value of 
the intercept in concentration terms, 450.7 mM, is.
TABLE 1
V A L U E S OF DOSE, log(DO SE), RESPO NSE A N D  TH E  
CO RR ELATIO N CO EFFIC IEN TS, SLOPES A N D  IN T E R ­
CEPTS D E R IV E D  FROM  PLOTS O F log(DO SE) VS RE­
SPO N SE  FOR m -ALK O XY PH EN O LS
Com pound D ose
(m M )
log(dose) Response
(%)
m-methoxy 49.7 1.69 18
43.6 1.64 27
36.4 1.56 38
26.1 1.41 58
19.5 1.29 69
corr. coeff. 0.9951
intercept 1.844
slope - 7 .7 6 3
m -ethoxy 32.2 1.50 32
26.6 1.42 30
21.1 1.32 45
13.7 1.13 79
corr. coeff. 0.9995
intercept 1.583
slope - 5 .7 1 2
m -propoxy 10.1 1.01 8
7.5 0.88 24
6.12 0.78 43
4.77 0.67 64
4.1 0.61 71
corr. coeff. 0.9957
intercept 1.043
slope -6 .0 3 6
m -butoxy 2.42 0.38 15
2.15 0.33 24
1.57 0.19 45
1.18 0.07 63
0.95 - 0 .0 2 71
corr. coeff. 0.9965
intercept 0.4957
slope - 6 .9 7 3
;?j-penloxy 0.74 - 0 .1 3 15
0.55 - 0 .2 6 35
0.42 - 0 .3 8 53
0.33 - 0 .4 8 71
0.26 - 0 .5 9 83
corr. coeff. 0.9988
intercept -  0.0247
slope -  6.608
then, the concentration (hypothetical) of the parent 
structure above which a response will be eluci­
dated. This, together with the slope of the line will 
therefore permit the evaluation of the relative bio-
activities of the substituted compounds. The bioac­
tivities are all related to the same, reproducible 
standard, i.e. complete inhibition of power output 
from a standard liquid nitrogen stored inoculum 
in a standard time. In this manner data equivalent 
to phenol coefficients could be evaluated. More 
interesting though, is the possibility that is offered 
to establish a group additivity scheme for evalua-
TABLE 2
V A L U E S O F DO SE, log(DO SE), RESPO NSE A N D  TH E  
C O R R E L A T IO N  CO E FFIC IE N T S, SLOPES A N D  IN T E R ­
CEPTS D E R IV E D  FRO M  PLOTS O F log(DO SE) VS RE­
SPO N SE  FOR />-H YDR O X YBENZ O A TES
Com pound D ose
(m M )
log(dose) Response
(%)
methyl
ethyl
1 -propyl
1-butyl
15.8 1.19 19
13.7 1.14 30
9.3 0.97 52
7.0 0.85 70
4.7 0.66 93
corr. coeff. 0.9984
intercept 1.344
slope - 7 .2 5 8
8.4 0.92 24
7.5 0.87 30
6.6 0.82 43
5.7 0.75 47
4.7 0.67 62
4.0 0.60 70
corr. coeff. 0.9916
intercept 1.084
slope -6 .7 9 6
3.8 0.58 5.2
3.1 0.49 15
2.2 0.34 36
1.9 0.28 38
1.6 0.20 56
0.87 - 0 .0 6 91
corr. coeff. 0.9956
intercept 0.5999
slope - 7 .3 3 8
1.45 0.16 14
0.97 -0 .0 1 28
0.87 - 0 .0 6 30
0.72 - 0 .1 4 44
0.38 -0 .4 1 85
corr. coeff. 0.9831
intercept 0.2115
slope - 7 .5 5 2
T A BLE 2 (continued)
Com pound D ose
(m M )
log(dose) Response
(%)
2-m ethylpropyl 1.44 0.16 10
1.20 0.08 21
0.96 - 0 .0 2 30
0.77 -0 .1 1 43
0.57 - 0 .2 4 59
0.39 -0 .4 1 85
corr. coeff. 0.9976
intercept -0 .2 2 7 2
slope - 7 .6 7 4
1-pentyl 0.81 - 0 .0 9 19
0.63 - 0 .2 0 36
0.48 - 0 .3 2 52
0.38 - 0 .4 2 66
0.29 - 0 .5 4 82
corr. coeff. 0.9996
intercept 0.05196
slope - 7 .1 7 6
tion of BR. It is apparent that this potential exists, 
since, as log(dose)n^ax vs carbon number, n, is 
linear then so must log(dose)niax vs Gibbs Energy 
of transfer of the drug from aqueous to lipoid 
phases (Gi^); log(dose)max vs log(partition coeffi­
cient) K j (for the same transfer process), and 
log(dose)niax VS aqueous solubility. These correla­
tions thus may allow the evaluation of K^, BR 
and solubility from a limited number of measure­
ments. These data are of some significance, per­
haps, to QSAR studies and to pharmaceutical 
research where drug structure is to be related to 
BR and to achievable solubility levels in the bio­
phase. It should be noted that, whilst the form of 
the relationship derived here is similar to that of 
the Free-Wilson model, the parameters do indeed 
have apparent physical significance. However, 
some features of the limiting factors responsible 
for the existence of parabolic models are brought 
into focus. The maximum “concentration” of any 
homologue that can be applied without eliciting a 
response is shown in Table 3 along with some 
experimentally determined aqueous solubilities for 
the w-alkoxy phenols (Beezer et al., 1986b).
If these data are corroborated by other results 
as additivity schemes, in other laboratories, we 
look to extension of these studies to give a true
TABLE 3
M A X IM U M  “ C O N C E N T R A T IO N ” OF m -ALKOXY PHE­
N O L S T H A T  CAN BE APPLIED W ITH O U T ELICITING  A 
M ICR O C ALO RIM ETRIC RESPO NSE C O M PA RED TO 
T H E  E XPERIM EN TAL SA T U R A T IN G  SO LUBILITY (mM)
Phenol Maximum
concentration
(mM )
Saturating
aqueous
(mM)
parent structure 450.7 -
/n-m ethoxy 447.3 311.0
m -ethoxy 443.9 100.3
f?7-propoxy 440.5 25.9
m -butoxy 437.1 8.24
/?)-pentoxy 433.7 2.13
“ prediction” of BR in homologous series.
Finally, we recognize that a formal relationship 
between BR and structure is the basis of QSAR; 
here we attempt to demonstrate the nature of this 
relationship. Comparison of the data is shown in 
Table 3.
(dose),
(mM)
450.7
CH 2  — for m-alkoxy phenols 3.4 
OH
50.3
Structure
CH — for / 7-hydroxybenzoates 2.3
It is notable, but perhaps not surprising, that 
the parent structure of the phenol is less bioactive 
than is the parent structure of the /7-hydroxyben- 
zoate. Moreover, the contribution per CHj group 
to variation in bioactivity is different for the two 
homologous series. This finding presumably re­
flects the interaction of the hydrocarbon chain 
with the m-hydroxy group in one series and with a 
/ 7-COOH group in the other series. Nonetheless
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the existence of such regularity in BR, and its 
evaluation, has, we think, not been noted previ­
ously. We do not illustrate here the correlation 
between logCdose)^^^ and other parameters such 
as log(partition coefficient) for transfer of these 
solutes between water and lipoid solvents as we 
have not a complete set of our own experimental 
data. We do, however, expect such a correlation to 
exist as exists for the m-alkoxy phenols (Beezer et 
al., 1980).
It is interesting to note that the 1-butyl and 
2 -methyl propyl substituents behave identically 
with respect to BR.
Finally we note again that this correlation is the 
formal basis of QSAR.
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Summary
M icrocalorim elric assay of the antibacterial activity of 14 phenols shows that the activities can be expressed as two additive 
factors due to the arom atic portion and to the number of m ethylene groups.
The addition of phenols to respiring bacterial 
cells in a flow calorimeter produces a decrease in 
the power which can be used to compare the 
antibacterial potency of bactericides (Beezer et al., 
1983a). In an extension of this work we have also 
shown (Beezer et al., 1986) that the interaction of 
respiring E. coli cells with a series of phenols 
could be factorised into two contributions, from 
the aromatic portion and from the methylene 
groups, the contribution from the Cl 12 groups 
being linear with respect to carbon number in the 
alkoxy chain. We now report the extension of 
these studies to the o- and /7-alkoxy phenols which 
shows that such group additivity parameters allow 
the calculation of biological response. Further­
more, the parameters used have an actual physical
Corre.^pondence: W .H. Hunter, Chem istry Departm ent. Royal 
H ollow ay and Bedford N ew  College. University o f London. 
Egham Hill, Egham, Surrey TW 20 OEX, U.K .
significance, in contrast to the de novo methods 
exemplified by Free and Wilson (1964).
The microcalorimetric methods, organisms, 
storage and use of inocula have been described 
(Beezer et al., 1983a). 1 he catechol ethers from 
ethoxy to heptoxy were prepared by the method of 
Mail timer (1937) and were analysed by GLC be­
fore use. Hydroquinone alkyl ethers, methyl to 
heptyl, were purchased from Aldrich Chemical 
Co., crystallised from petroleum ether and 
analysed by GLC before use.
1 he microcalorimetric data (Table 1) were used 
to establish the relationships shown in Fig. 1 
between dosage, the concentration of the phenol 
in the medium, and response, the decrease pro­
duced in the power output of the cells by exposure 
to the phenols in solution. This response we ex­
press as:
100 X
p O W e r^ ,^ P ^ ,g j  ccll.s) P ® ''^^* ^ (u n lrea ted  cells) 
p O W C r^  trea ted  cells)
0 3 7 8 -5 l7 3 /8 7 /$ 0 3 .5 0  © 1987 Elsevier Science Publishers B.V. (Biom edical D ivision)
Table 1
Values o f dose and response fo r  the o- and p-aikoxyphenols
C om pound D ose (m M ) Response (%) Com pound D ose (m M ) R esponse (%)
o-M e 47.02 - 4 3 /?-Me 31.16 - 5 0
57.41 - 5 8 34.39 - 5 8
67.69 - 6 7 37.39 - 6 9
86.12 - 8 7 41.12 - 8 7
o-Et 27.68 - 6 1 p-El 16.79 - 5 5
29.88 - 6 4 18.00 - 6 5
32.48 - 6 7 19.43 - 7 9
36.35 - 8 0 20.28 - 8 8
41.83 - 8 8
o-Pr 10.34 - 6 1 p-Pr 4.68 - 5 5
11.39 - 7 1 5.01 — 66
12.14 - 7 8 5.43 — 82
13.61 - 9 0 5.89 - 8 5
15.19 - 9 8
o-Bu 2.43 - 4 0 p-Bu 1.32 - 5 5
2.63 - 6 9 1.51 — 61
2.92 — 81 1.67 - 6 5
3.12 - 8 9 2.24 - 7 8
2.82 - 8 6
o-Pent 1.23 - 7 0 p-Pent 0.50 - 4 2
1.40 — 81 0.60 - 6 1
0.71 - 7 0
1.49 - 8 6 0.84 - 8 7
1.55 - 9 2 0.97 - 9 7
o-H ex 0.27 - 5 8 p-H ex 0.21 - 5 2
0.29 - 6 5 0.22 - 6 4
0.32 - 7 3 0.24 - 6 2
0.35 - 8 7 0.26 - 7 7
0.27 - 9 2
o-H ept 0.11 - 5 3 p-H ept 0.07 - 5 2
0.12 - 6 1 0.08 — 61
0.13 - 7 7 0.09 - 7 6
0.14 - 8 4 0.10 - 9 1
In our earlier publication (Beezer et al., 1986), we 
defined “ response” as simply the % of control 
values of power shown by treated cells, but inspec­
tion of the data on phenols and on polyene anti­
biotics (Beezer et al., 1983b) shows that low con­
centrations of these agents cause a small deflec­
tion in excess of the control values from untreated 
cells. The explanation offered for this “excess over 
control” was that very low concentrations of the 
agents damaged the membrane of the cells, allow­
ing readier access to glucose and so temporarily
raising metabolic activity; the cells nevertheless 
succumbed eventually to the effects of the drug. 
We have therefore modified our definition of re­
sponse to allow some way of normalising this 
measurement between one batch of cells and 
another, though we have found that our procedure 
for storage in liquid nitrogen allows inocula to be 
stored apparently indefinitely. Response is now 
defined as a negative quantity, the depression of 
power caused by the presence of a phenol; this 
new definition should allow continuity of com-
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Fig. 1. Relationship between the dose (m M ) and response for 
alkyl ethers.
parison between different batches of cells and 
between different cell lines. The data reported 
below for the /n-compounds have been recalcu­
lated on this basis.
Fig. 1, constructed in this way, shows the ex­
pected linear relationship between log dose and 
response for the 14 phenols; it allows the calcula­
tion of the maximum dose or concentration of a 
phenol that will produce no response, 
[log((/ojg^^,^)j. It is apparent from Fig. 1 that in 
both the o- and p-series the behaviour of the butyl 
ether is atypical and we have previously drawn 
attention to the change in partitioning behaviour 
that occurs at the member of the series of 
w-alkoxyphenols. Yalkowsky et al. (1972) have 
also reported the anomalous behaviour of butyl 
/?-aminobenzoate which represented a dividing line 
between two regular trends in the relationship 
between chain length and physical properties such 
as solubility in oil, water or hexane, melting be­
haviour, etc.
When values of \og((hse^^^) are plotted against
carbon number in the side-chain, straight lines are 
obtained:
o-alkoxyphenols:
slope -0 .4 2 , intercept 1.66, r =  —0.95
w-alkoxyphenols:
slope -0 .4 3 , intercept 1.58, r = - 0 . 9 9
/?-alkoxyphenols:
slope -0 .4 6 , intercept 1.82, r =  —0.98
The slopes of the three lines thus represent the 
log increment or contribution to response pro­
duced by addition of each methylene group whilst 
the intercepts are the log contributions of the 
three hypothetical “ parent groups”. These inter­
cept values for the o-, m- and /^-substituted parent 
groups differ considerably but the methylene con­
tributions are remarkably constant the slight dif­
ference between o- and p- possibly reflecting the 
interaction between the hydroxyl and ether groups. 
The extent to which H-bonding or conformation 
of the alkyl chain may affect the values is of 
course unknown but it is encouraging to see that 
all three series yield linear plots which can be used 
to establish, or indeed to calculate, response for 
QSAR studies. Moreover, the small but significant 
differences observed in both slope and intercept 
values suggest the possibility of a very sensitive 
discrimination between closely related structures. 
The use of microcalorimetric bioactivity data in 
this way has been proposed previously (Perry et 
al., 1986) but on a less quantitative basis.
We conclude that the accuracy and reproduci­
bility of microcalorimetric measurements of bioac­
tivity would permit the establishment of a group 
additivity scheme that could genuinely distinguish 
between closely related structures.
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A  thermodynamic analysis of the Collander equation 
and establishment of a reference solvent for use in 
drug partitioning studies
A N T H O N Y  E .  B E E Z E R  , C A R O L Y N  A .  G O O C H ,  W I L L I A M  H .  H U N T E R  A N D  P E D R O  L .  O .  V O L P E i
Chemistry Department, Royal Holloway &  Bedford New College, University of London, Egham Hill, Egham, Surrey, 
T\V20 OEX, U K  and finstituto de Quimica, Universidade Estadual de Campinas, 13.100 Campinas SP, Brazil
A  thermodynamic analysis of the Collander equation, In Pj =  a + b In Pn (I and II refer to 
two different partitioning systems with partition coefficients Pi and Pn, respectively), is 
given and applied to three forms of correlation. The intercept, a, is shown to have no general 
fundamental significance whereas the slope, b is shown to reflect differences in non-aqueous 
solvent properties; b is also shown to be of use in scaling solvent behaviour to select solvents 
which closely represent biological membrane properties for use in partitioning studies. 
Laboratory and literature data are subjected to the analysis.
There is much interest in the relationship between 
biological response (BR), drug structure and parti­
tion coefficients. The partition of a drug substance 
between water and some non-aqueous solvents has 
been used extensively for establishing correlations 
between BR and drug structure (for reviews see Leo 
et al 1971; Kubinyi 1979; Tomlinson 1983). From the 
site of administration to the site of action a drug must 
traverse a variety of hydrophilic and lipophilic 
barriers. Partition between aqueous and non- 
aqueous solvents appears to mimic this process 
insofar as homologous series of compounds behave 
in a predictable way as solutes and as drugs.
Selection of the appropriate non-aqueous solvent 
to represent the properties of a biological system is, 
however, a serious problem (Leo & Hansch 1971 ; 
Leo et al 1971 ; Smith et al 1975; Tomlinson 1983) 
and it seems unlikely that the most commonly used 
solvent, octan-l-ol, could be the optimum for the 
wide variety of systems to which octan-l-ol/water 
partition coefficients are applied (Pomona College 
Medicinal Chemistry Project). Indeed Taft et al 
(1985) have recently examined the physicochemical 
properties that influence these partition coefficients 
(solvatochromie parameters that measure solute 
dipolarity/polarizability, hydrogen bond acceptor 
basicity and molar volume).
There are at present no criteria, although there are 
methods, apart from complete quantitative struc­
ture-activity relationship (QSAR) studies, by which 
the correlation between a solvent system and a 
biological system (e.g. micro-organisms, tissues, 
isolated cells, whole organs or animals) can be 
judged.
* Correspondence.
The successful use of octan-l-ol has been ascribed 
to its hydrophobic and hydrophilic properties 
(Kubinyi 1979), to its hydrogen bonding ability 
(Smith et al 1975) and to its solvating and associating 
properties (Smith et al 1975). Other solvent systems, 
such as cyclohexane and iso-octane, have been 
proposed on thermodynamic grounds (Rytting et al 
1972), and Kubinyi (1979) has discussed the applica­
tion of the Collander equation (Kubinyi 1979) to 
biological correlations. This equation
In  P i =  a  -t- b  In  P n (1)
has been applied to partitioning systems in three 
ways (Kubinyi 1979). In the first of these it was found 
to correlate the water/solvent partition coefficient of 
a solute in one system (Pi) with the value for the 
same solute in a second system (Pn).
The values found by linear regression for a and b 
are usually applicable only to homologous series of 
solutes and when correlating between fairly similar 
types of solvent, polar, non-polar, hydrocarbon, etc. 
Indeed the solutes too have been classified as 
H-bond donors or acceptors, different values of a 
and b being applied to each. Kubinyi (1979) also, in 
an attempt to set b = 1 (because some data implied 
that this was an appropriate value for b and because 
some correlations were discovered to be poor unless 
the solute systems were sorted into, for example, 
H-bonding or non-H-bonding systems), discusses the 
inclusion of extra terms in the Collander equation 
which, it is suggested, take account of judgements 
about the H-bonding ability of homologous series or 
substituent groups.
The Collander equation has also been extended 
(whilst maintaining the same form) to cover correla-
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tion between partition coefficients for unrelated 
solutes distributed between two solvent systems 
(Kubinyi 1979) and to the distribution of a single 
solute between varied solvent systems (Korenman 
et al 1985).
A statistical analysis of this equation has not 
included any attempt to define a and b as other than 
regression coefficients (Dunn & Wold 1978).
It is important therefore to establish whether the 
various forms of the Collander equation have any 
theoretical basis and, if so, what conclusions may be 
drawn from the results of the theoretical analysis as 
to the nature of the transfer process.
In particular, the significance of a and b should be 
exposed in such an analysis. To date, a and b have 
been interpreted in several different ways. It has 
been suggested that b, is necessarily equal to one 
(Kubinyi 1979). It is also said to reflect the similarity 
of the solvent environment with respect to the solute 
(Katz & Diamond 1974a, b). Again, b is described as 
being a measure of the sensitivity of the system to 
perturbation by hydrophobic effects (Leo & Hansch 
1971; Smith et al 1975). The intercept, a, is said to 
reflect “the sensitivity of the biochemical system and 
the intrinsic activity of a set of congeners” (Leo & 
Hansch 1971 ; Leo et al 1971 ; Smith et al 1975). It has 
also been described as a selectivity constant (Katz & 
Diamond 1974a, b). Leo & Hansch (1971) have also 
indicated that values of a are correlated with solvent 
lipophilicity and with water content at saturation. 
Rekker (1977) has likewise discussed the Collander 
equation and the values of a and b, coming to rather 
similar conclusions and has proposed an index of 
wetness based on factors other than these correlation 
parameters.
Case L  Partition of a homologous series of c o m ­
pounds between two solvent systems 
We have recently shown (Beezer et al 1986a) that the 
following equation, which is developed from Cratin’s 
analysis (Gratin 1968; the basic details of the 
approach are also found in Langmuir 1925), can be 
used to describe the thermodynamic basis of the 
partitioning process for members of a homologous 
series.
lnP =
-nAp\
RT
, , ^w
TT- (2)
where P is the partition coefficient, expressed in 
molar concentration terms for the transfer process
solute in water solute in non-aqueous solvent;
n is the number of similar lipophilic groups, e.g. 
CH], present in the molecule, each of which makes a 
contribution Ap^L lo the overall value of the Gibbs 
function of transfer; Ap^n is the contribution to the 
overall Gibbs function of transfer of the hydrophilic, 
or parent structure; Vw and are the molar 
volumes of the aqueous phase and non-aqueous 
phase, respectively. This equation of course simply 
formalizes the additivity postulates common to all 
linear Gibbs energy relationships.
Application of equation (2) to the Collander 
equation (i.e. to transfer between water and solvent 
system I and between water and solvent system II) 
yields
-nAp0L(I) A p h^(I) ^w 
-f In
RT RT Vo(I)
n b A p \(II)  bAp«H(II)
a -
RT RT
-f b In-
Vw
Vo(B)
(3)
The value of a, the value of the intercept when In Pu 
= 0 , is hence given by
, Vw nAfjAJI) An»„(I) 
a = In -—  ----------------------------------------- (4)
Vo(I) RT Rt
From the data given in a previous paper (Beezer et al 
1986a) and reproduced here as Table 1 (transfer of 
m-alkoxyphenols from water to (i) heptane, (ii)
Table 1. Values of — Ap^L, — Ap"n derived from plots 
described by equation (2). Values in kJ m o l- '.  Values 
relate to solute transfer from water to described non- 
aqueous solvent*.
Temp. K -A p«L -A p » „ Solvent
283-15 3-09 -4 -08 h
0-81 11-28 pc
288-15 3-15 -3-95 h
1-01 11-06 pc
2-83 9-78 0
293-15 3-09 -3-25 h
1-12 10-72 pc
2-90 9-76 0
298-15 3-07 -2-92 h
1-11 10-69 pc
2-96 9-75 0
303-15 3-16 - 2-68 h
1-11 10-57 pc
3-03 9-78 o
308-15 3-32 - 2-88 h
1-17 10-26 pc
3-09 9-82 o
313-15 3-10 -1 -79 h
1-13 10-07 pc
* pc, W ater-saturated propylene carbonate; o, water- 
saturated octan-l-ol; h, water-saturated heptane.
A .  E. B E E Z E R  E T  A L
propylene carbonate and (iii) octan-l-ol), it is 
possible to calculate the value of n such that In Pn = 0  
and hence the value of a in this circumstance. 
Calculation of n at 298-15 K such that equation (4) is 
satisfied produces, for solvent I (heptane) and 
solvent II (propylene carbonate), a value of n =  
—6-15. Insertion of this value of n into equation (3) 
and again setting T = 298-15K yields excellent 
agreement between calculated values of a and 
experimentally derived values. That n =  -6 -1 5  
clearly has no physical significance.
The value of b, the slope of the Collander plot, 
may be evaluated by consideration of two sequential 
points in the plot e.g. for n = 1  and n =  2  and can be 
shown to be b = Ap\(I)/Ap®L(H). Inspection of the 
data in Table 1 shows the A|i®l values are essentially 
independent of temperature. As Ap^L values are 
insensitive to temperature this also means that 
Collander plots at a series of temperatures should be 
parallel. This is indeed observed and the values of b 
derived from the equation shown above and from 
plots of In P i vs In Pu are shown in Table 2.
Case 2. Partition in two solvent systems: no hom o­
logues present
Commencing from equation (2) and without factor­
ing the Gibbs function into group contributions then 
the following equation results
-A G (I)  Vw
-------------4 -In--------
RT Vo(I)
= a -f b
r -A G (II) Vw 
------------- -k in --------
RT
(5)
from which it can be deduced that the value of b is 
given by
b =
AG(I) -  AG '(I)
A G ( I I ) - A G ' ( I I )
(6)
where the primed functions refer to the values for 
another substituted compound in the family.
If AG is set equal to AGp r^cnt +  AGs^bstitucnt then b 
is given by
b =
AGs,bs(I) -  AG\ub,(I) 
AG,ubs(H) - AG\ubs(II) (7)
Thus straight line plots of the Collander form of 
equation are to be expected for such systems.
The value of a may also be derived and is equal to 
the value of the left-hand side of equation (5) when
the term in square brackets is set to zero, i.e. when 
AG(II) = RT In Vw/Vo(II).
Case 3. Partition correlation fo r  som e acids and their 
esters in various solvent systems 
In this case the substituent remains constant but the 
solvent systems change. Therefore we consider the 
form of the Collander equation given below as
-A G (1) , Vw
------------- 1- In--------
RT Vo(I)  
r - A G ' ( I )  V w
= a + b ---------------h In-------
L RT
for one point on the graph and
-A G (II) , , Vw 
-------------- f- In---------
Vo(I)J
(8)
RT
= a 4- b
Vo(II)
- G ' ( I I )
RT
4-In
Vw 1 
Vo(II)J
(9)
for another point on the graph. The primed symbols 
refer to the parent acid compound partitioned 
between the same solvent system. Algebraic manipu­
lation shows that b is given by
A G (I)-A G (II )
~  A G '(I ) -A G '(I I )
and a by the left-hand side of equation (8 ) when the 
term in. square brackets is set to zero, i.e. when 
AG(I) = RTIn Vw/Vo(I).
D I S C U S S I O N
Cases 2 and 3 are of interest as they rationalize, 
theoretically, the experimental observations of 
linear plots; they contain information on differences 
in group and overall Gibbs function values. Such 
values are more accessible and useful if derived 
through studies described by Case J. The values of a 
in both these cases are shown to be of little 
fundamental interest. Indeed the forms of the 
Collander equation make it plain that the intercept 
value a is that value of In P; which results from setting 
Pu = 1 (i.e. In Pu =  0)— a purely arithmetic 
statement.
Furthermore the equations defining b given above 
for the three cases make it clear that b = 1 is not a 
necessary result; it may arise from other features of 
the process. Consideration of Case 1  and the 
resultant definition of b does yield interesting 
results. The definition of b includes terms that relate 
to the interaction of the lipophilic groups with 
solvents I and II (both referred to water). This
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parameter may serve as an index of solvent character 
that would allow identification of a bulk solvent 
which represents more satisfactorily the properties of 
the biological membrane. From the formulation of b 
it is apparent that if some solvent system (water/ 
lipid-like solvent) is selected as a reference system 
and used in this equation as system II then it will be 
possible to scale (at least for consideration of CHi 
groups) all other solvent systems relative to the 
chosen system. An obvious candidate for the refer­
ence system is water/octan-l-ol. This choice of 
reference solvent is based mainly upon the large 
volume of data for water/octan-l-ol systems and 
dooes not imply that octan-l-ol is the best or even a 
good mimic of the properties of biological mem­
branes. Values of b, relative to octan-l-ol taken as b 
=  1  for the partition of m-alkoxyphenols between 
water and octan-l-ol, heptane and propylene carbo­
nate (Beezer et al 1986a) are shown in Table 2. The 
corresponding values of b for the ‘partitioning’ of 
some esters of cortisone and hydrocortisone into 
liposomes, both above and below the lipid phase 
transition temperature, and also their partition into 
isopropyl myristate as bulk solvent, are also shown 
in Table 2. As a first approximation liposomes may
Table 2. Values of b calculated for partitioning of hom o­
logous series between water and various organic solvents 
and liposomes. The water/octan-l-ol system is designated 
system II (sec text).
Solvent system I 
Water Solute b
Propylene carbonate m -A lkoxy  phenols 0-36
Liposom e (T < Td* 21-Alkyl esters  o f  hydrocortisone 0-546
IP M t 21-Alkyl esters o f  cortisone 0 582
Liposom e (T>Tc)* 
IP M t
21-Alkyl  esters  o f  hydrocortisone 0-616
21-Alkyl esters o f  hydrocortisone 0-625
Liposom e (T < T^ )' 21-Alkyl esters o f  cortisone 0-672
O ctan- l -o l /n -A lkoxy  phenols 1
Both ester scries 1
H eptane m -A lk oxy  phenols 1-04
Diethyl  ether 21 - Alkyl esters o f  cortisone 1-30
Diethyl ether 21-Alkyl ester o f  hydrocortisone 1-53
A b o v e  or be low  the lipid phase transition temperature.  T^  
Isopropyl myristate.
be closer to biological membranes than are bulk 
solvents and, of the several partitioning studies 
reported with liposomes, we have recalculated the 
data given for esters of cortisone and hydrocortisone 
to yield values of b. Values of b for the same esters 
partitioning into ether are also given in Table 2. 
Table 3 lists values of b calculated from other data 
available in the literature for a variety of systems.
It is clear from the data discussed by, for example, 
Kubinyi (1979) and by Leo & Hansch (1971), that 
values of b derived from Collander plots depend on 
the nature of the solutes studied and their relation­
ship to the solvents used in the partitioning experi-
Table 3. Values of a, b and regression coefficients 
calculated from literature data for transfer of the named 
solutes from water to the named solvents compared to 
transfer to octan-l-ol (see text). Varied conditions were 
used to study the partitioning processes. Solutes studied; 
benzene, toluene, ethyl benzene, propyl benzene.
Solvent a b r Ref.
Cyc lohexane 1-17 0-72 0-99 Korenman ct al 1985
n-Pentane — 1 1 3 1-20 1-00
n-H cxan e - 1 - 0 9 1-14 0-98 Korenman et ai 1978
n-D eca n e - 0 - 6 4 1-11 0-99
n-H exad ecane - 0 - 8 3 1-25 0-98
n-Butanol - 2 - 3 0 1-66 0-97 ”
n-Pentanol - 3 - 4 1 1-83 0-98
n-H exanol - 4 - 8 3 2-04 0-99
n-H eptanol - 4 - 5 8 1-95 1-00
n-Nonanol - 5 - 2 2 2-03 1-00
Solu tes  studied; limited numbers o f  alcohols  in the series methanol to
decanoi.  N o  attempt made in calculation o f  b to recalculate to com m on
concentration scale because o f  lack o f  detail in original paper.
So lvent a b r Ref.
Dipalm itoyl lecithin
bilayer 1-85 0-93 0-99 Jain & Wray 1978
Egg  lecithin
bilayer 0-16 1-12 1-00
Erythrocyte
m em branes 2-18 0-95 1-00
S D S  micelles - 2 - 9 9 1-18 1-00 H oi ian d e t  al 1984
H eptane 1-76 0-90 1-00 Lissi 1981
Goffredi & Liveri 1981
Octane 1-13 0-90 1-00 • Aveyard & Mitchell
1969
D o d e c a n e 1-16 1-05 2 points: Manabe et al 1975
ments. Thus the values of b shown in Table 3 show 
wide variation. As noted in the introduction to this 
paper it is unlikely that any one solvent will 
adequately represent all the physicochemical proper­
ties of a biological membrane. However, the values 
of b determined for a given series of solutes may well 
indicate the relationship between bulk solvent 
properties and membrane properties. In order to test 
this hypothesis a reliable data set is required. There 
are, as has been noted before, few data available for 
the same homologous series of compounds studied in 
a range of solvent systems with strict control of 
environmental conditions, e.g. temperature etc. We 
cannot therefore be totally confident yet about the 
utility of b values in selecting bulk solvents appro­
priate to mimic membranes with respect to specific 
solutes. The surprising feature of the data for the 
esters of cortisone and hydrocortisone is that their b 
values for partition into liposomes and into isopropyl
A . E. B E E Z E R  E T  A L
myristate lie in the region in which, in comparison 
with m-alkoxyphenols, more water is present in the 
non-aqueous solvent system than is present at 
saturation in octan-l-ol. (These conclusions are at 
variance with those of Leo & Hansch (1971) who 
found intercept values to be correlated with wetness 
of solvent system.) Thus liposomes appear, accord­
ing to these data, to be quite ‘wet’. They certainly do 
not behave like the low dielectric solvents heptane 
and diethyl ether (which are relatively anhydrous). 
Furthermore, if liposomes can be regarded as good 
models of real biological cells then these data imply 
too that membranes are quite ‘wet’. There are, 
however, no data available to test this conclusion. 
The ordered bilayers of the biological cell are not 
entirely mimicked by the multi-lamellar vesicles 
(MLVs) which were studied in the reports whose 
results have been used to establish the data in 
Table 2. MLVs will contain quite large amounts of 
water (between the lamellae) and hence there may 
be a series of ‘microscopic’ partitioning equilibria 
established. A more sensitive and controlled test 
would be to investigate the behaviour of bilayer 
liposomes of uniform size distribution.
The data shown in Table 3 broadly support these 
conclusions though of course the absolute values of b 
do indeed reflect the dependence of this parameter 
upon the nature of both the solute itself and upon the 
solvent systems chosen for study. These data have 
been drawn from different publications by different 
authors who, whilst studying the same solutes, have 
not controlled all other experimental conditions, so 
these b values must be regarded with some caution.
The conclusion of the present work however is that 
it is possible to demonstrate the linearity of the 
various forms of the Collander equation, that the 
parameter a in this equation has no fundamental 
physical significance, but that the b parameter does 
have physical significance. We therefore await the 
appearance of reliable data sets to enable testing of 
the proposal that the b parameter can be used to sort 
bulk solvent systems into those which, relative to 
given series of compounds, will adequately represent 
the particular and dominant membrane solvent 
properties appropriate for the particular class of 
solute under study.
There is in addition to the approach outlined 
above a complementary thermodynamic criterion 
which may allow selection of solvent systems to 
represent lipoidal phases. Preliminary results 
(Beezer et al 1986b) from the microcalorimetric 
measurement of AiransH (the enthalpy of transfer of a 
solute from water to some non-aqueous solvent
system) for transfer of m-alkoxyphenols from water 
to Escherichia coli cells have yielded the results 
shown in Table 4. Comparison of these data with 
those for transfer to bulk solvent systems (Table 4) 
reveals that none of the bulk solvent systems behaves 
as do the cells. Indeed the negative values for AtransH 
found for transfer to cells confirms the view that cells 
behave as if more ‘wet’ than octan-l-ol but more dry 
than propylene carbonate; liposomes, too, fall into 
that range of values.
Table 4. Values of A,r;,nsH (kJ mol->) for transfer of 
m-alkoxyphenols from w ater to cells, octan-l-ol, heptane 
and propylene carbonate.
Solute Cells O c ta n - l -o l H eptane
Propylene
carbonate
ni-Meth oxy - 0 2 2 - 8  03 ± 0 1 9 20-9 ± 0 - 6 23-2 ±  0-3
m -Ethoxy - M - 6 - 9 5  ± 0 - 1 5 19 3 +  0-9 23-4 ±  0-4
m Propoxy - 2  02 —6 94 ±  0 1 4 16 0 ± 0 - 5 23-9 ± 0 - 4
m -Butoxy - 4 0 6 — 13-9 ± 0 - 5 23-4 ± 0 - 4
nj-Pcntoxy - 5  14 — 12-0 ± 0 - 4 23-2 ± 0 - 3
As AtransG (the Gibbs function for the transfer 
process) for transfer to cells is difficult to measure 
(because of the problem of the definition of equilib­
rium in the partition-only process), then perhaps the 
easier-to-measure quantity A^ a^nsH will be an alter­
native parameter to use to evaluate bulk solvents 
with properties most akin to those of biological 
membranes (we do not here underestimate the role 
of A,ransS in determining values of A,ransG).
This analysis has simply assumed that the relative 
‘wetness’ of the non-aqueous solvent is the sole 
determinant of behaviour; the analysis of Taft et al 
(1985) makes it clear that this cannot be so. In the 
absence of further data with which to explore the 
relationships described in this paper and their bearing 
upon the Taft analysis, ‘wetness’ is highlighted as an 
important feature of the transfer process.
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